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ABSTRACT 


An application of the virial theorem to the radial pulsation of gaseous stars leads to a simple deriva- 
tion of the approximate formula 

Io ‘fs é 

= 2 —_——_— 1 

; *(=a“tas) (i 


for the period found earlier (A p. J., 94, 124, 1941) by a variational method. In the foregoing formula 
To denotes the moment of inertia and Qj the potential energy of the star, and I’; is the adiabatic exponent 
assumed constant through the star. 

If the star is in steady uniform rotation, in the same approximation, the theorem gives 


2 ze r (i) 
T= Tv ee 

— [31 — 4]Qo0 + [5 —_ 3T Jao ’ 
where wo denotes the angular velocity and J is the total angular momentum of the star. In the case of a 
homogeneous distribution of mass, equation (ii) reduces to a formula which can be derived directly from 
one of Poincaré’s theorems. When ¢ < I’; < 3 and under the circumstances of validity of the approxima- 
tions used, the decrease in period due to the rotation is small. 


1. The application of the virial theorem to the steady pulsations of a gaseous star.—For a 
cloud of particles which act on each other only by gravitational attraction or shocks we 
have the Lagrangian identity 

1 d°J 

=~—, = 2T 1 

2 df? on (1) 
where J is the moment of inertia with respect to the origin, T the kinetic energy, and Q is 
the gravitational potential energy of the star. Equation (1) is the form given by Jacobi to 
a theorem originally due to Lagrange for three bodies. For a spherical distribution of 
mass 

M M 

r= f r?dm (r) and Q= —G mir) dm (1) , (2) 
0 


0 Yr 





where m(r) denotes the mass interior tor and M is the total mass of the configuration. 

In this paper we shall consider the application of equation (1) to the steady radial 
pulsations of a gaseous star. In studying this problem we shall adopt the Lagrangian 
mode of description, in which we follow each particle (or element of mass) during its mo- 
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tion. Let the distance r from the center of symmetry be used as such a Lagrangian co- 
ordinate. Further, let 6r denote the displacement from the “equilibrium” position ro. 
The conservation of mass clearly requires that 


m(rotdr) =m(fo). (3) 


Let 6/, 57, and 6Q denote the changes from their equilibrium values in the respective 
quantities at time ¢. Equation (1) gives 








1 d*6J 
= 2 ; 

55 éT + 62 (4) 

To a first order in dr we have (cf. eq. [2] ) 

M 
6] =2 brd ~2 — ~ dT 5 
ip rérdm(r) f+ 0 (5) 
and 

_p7 “ m(r) 64) , 
i9=G fo APE am (ry ~— fo A amy, (5’) 


where we have used the suffix zero to indicate that the quantities refer to the instant 


when r = fro. 
For small periodic oscillations we may write 


6 
= E= foe, (6) 
T9 

where 27/o¢ denotes the period. Equations (5) and (5’) now become 


M M 
dive deve f Selly and sheet f -g40,, (7) 
0 


0 


Considering next the evaluation of 57, we may first observe that T consists of two 
parts: the kinetic energy due to thermal motions and the kinetic energy due to the vi- 
brations. It is evident that the latter is of the second order in £ and can therefore be ig- 
nored in a first-order theory. Accordingly, we need to consider only the variation in the 
total kinetic energy 7, stored in the form of thermal motions. If the radiation pressure 


is negligible, we have the relation 


r,=3 fob "6 dm(r), (8) 


where p, denotes the gas pressure and p the density. On the other hand, if the radiation 
pressure is included, the usual argument which leads to equation (1) shows that equa- 
tion (8) has to be replaced by (cf. eq. [66], below) 


H M P 
27, = 3 f amr). (9) 
where P is the total pressure, including the gas and the radiation pressures. Thus, to the 


first order 
M 
2eT = 267, =3 f 6 (=) dm (10). (10) 
0 p 


We shall now suppose that the pulsations are adiabatic, in which case 


5 (=) =" '(P, — 1) oe (11) 


Po 
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where I is the adiabatic exponent properly defined. Moreover, if d&/dro is further as- 
sumed to be a small quantity of the first order everywhere, the equation of continuity 
leads to the relation 


“P= —(38 fot ro 5 cit) ext. (12) 
Combining equations (10), (11), and (12), we obtain 
26T = ~ gee f~ *2(P,-1) £od m (fo) —3ein f “4aPy (P,— 1) rédr,. (13) 
0 


Integrating by parts the second of the two integrals on the right-hand side of equation 
(13), we find 


arf ’P, (I, —1) nse 


R, 
eee 8 aad av | 
0 
(14) 





dry = 4mPy (Py — 1) r38,| 


R, dP R, ; 
—4n f (Ti 1) bo 5° ridr,— 120 f “P, (I, — 1) Eyridro. 
The integrated part vanishes at both limits, and we are left with (cf. eq. [2] ) 


tr fo 'Py(P,—1) 52 dre= — [2 tor ] 
(15) 





M 
-3f prcarc -f[- £o(T,; — 1) dQ, 


where in transforming the second of the three integrals on the right-hand side of equation 
(14) we have used the relation 
dP, pp Em Ara) Gm (ro) dm(ro) dQ 


BS ee’ hin die Pe eee wid 
4r ‘9 0dr, Ar pPo= rod ro dtr, ° (16) 








r) 


Equations (13) and (15) now give 
M 7 M 
2aT = Sei [ Ege 8) bnin) 430% €) (T,; —1) dQ. (17) 
0 To 0 i 
Finally, introducing equations (7) and (17) into equation (4), we obtain 


-o f tdh=3f~ * tare dm (ne) +3 £(P,—1) d— hs Eyd§% , (18) 


or 
ef (3P—4) anita ~ fo 
o? = ; (19) 
“kod To 








Equation (19) for the period is of the same general form as the one obtained in an 
earlier paper.! However, in that paper o* was defined, in accordance with the Ritz prin- 
ciple, as the minimum of a similar expression which included terms of the second order 


in Eo. 


1P, Ledoux and C. L. Pekeris, Ap. J., 94, 124, 1941. This paper will be referred to as “I.” 
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If I’; is assumed to be independent of ro, equation (19) reduces to 


M 
(3r, = 4) Fod Qo 
0 











e= — 7 (20) 
Eod Io 
0 
If we further suppose that & is a constant, we recover the formula 
; 3%, —4)0 
» ee ( 1 ) 0 (21) 


I : 


obtained in paper I. As has been shown in paper I, equation (21) already provides a fair 
approximation to the true periods if the central condensation of the star is ‘not too high. 

The extension of the foregoing analysis to include second-order terms is feasible and 
may give indications as to the manner in which o” may be expected to change when the 
amplitudes of the pulsation become large. However, in such cases the assumption that 
the pulsations are adiabatic will require reconsideration. 

2. Application of one of Poincaré’s theorems* to the pulsation of a rotating configuration.— 
The problem of a rotating gaseous configuration in pulsation is a difficult one. But we 
may expect that a general theorem such as the one we have referred to will give us some 
idea as to the effect of rotation on the period. 

Consider, then, the case of a uniformly rotating gaseous configuration in which at any 
given instant the angular velocity is the same throughout the mass. Since we have in 
view the pulsation of such a configuration, we must allow ® to be a function of time. 
Under these conditions the equation of motion in a frame of reference rotating with an 
angular velocity ® is 


dv 

dt 
where P denotes the total pressure, p the density, and ¥ the gravitational potential 
governed by Poisson’s equation, 


= —“ grad P+grad B—@ x (@X1) ~2(@xv) —(Sxr), (22) 


VB= —4nGp. (23) 
Under the circumstances envisaged, 
d ér 
= — 24 
or (a) 


where dr denotes the displacement, at time ¢, of an element of gas whose equilibrium posi- 
tion is ro (say). Since the problem admits of an axial symmetry, it would appear that 6r 
will lie in the meridian plane. If we assume that this is the case, v will also lie in this 
plane, and the two last terms on the right-hand side of equation (22) are the only vectors 
in this equation which are normal to the meridian plane. Accordingly, we must require 


that 
2(wX v) +2 xr=0, (25) 


In spherical polar co-ordinates (with the z-axis along the axis of rotation) equation (25) 


takes the form 
dw 


dé : dr : 
2(wr cost P+ sind )+r sing = 0, (26) 


2 Lecons sur les hypothéses cosmogoniques, p. 22, Paris, 1911. 
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or, somewhat differently, 
1 dw 2dr dd 
—~—-= ——— — 2cot 3d —. 27 
w dt r dt dt di 
Equation (27) admits of immediate integration, and we have 


wr? sin? 3} = constant . (28) 


The foregoing equation (28) expresses merely the conservation of angular momentum. 
We must, of course, expect this to be an integral of our problem. Thus, for pulsations in 
which the angular momentum is identically conserved, the displacements 4r lie in the 
meridian planes, and the equation of motion (22) simplifies to 


1 
o = — 4 grad Pr grad B—wx (@Xr). (29) 
On the other hand, 
®xX (@Xr) = — wu’ grad (x? + y?) = — 4}? grad (r? sin? #). (30) 
We can, accordingly, re-write equation (29) in the standard form 
1 
cs —-— grad P+grad ¢, (31) 
dt p 
where 
d= B+ gw (x? + y’). (3 2) 


At the equilibrium position, v = 0; and equation (31) reduces to 
1 
— grado Po = grado ¢o , (33) 
Po 


where, as in § 1, the suffix zero is used to indicate that the quantities are assigned their 


equilibrium values. 
Proceeding as in Poincaré’s analysis, we take the divergence of equation (31) and in- 
tegrate over the entire volume occupied by the configuration. We obtain 


d ° “ape te ts [ iv 1 
J Gir v) dJ = fw 4nGp) dl J siv (Cera P) dV, (34) 


use having been made of the relation (cf. eq. [23] ) 


2 \ 
div grad 6 = V7 B+ a V2 (x2+ 2) | 
. > (35) 
= —4rGpt+ 2’. ) 


The first of the two integrals on the right-hand side of equation (34) is readily evaluated; 
and, transforming the second into a surface integral by Gauss’s theorem, we find 


Pe eee ! 
JG (aiv v) dV = 2") — 46m — f — ora lisdS , (36) 


where the surface integral is extended over the entire bounding surface S of the con- 
figuration and lys is a unit vector normal to element of surface dS of S. 

Now, in virtue of equation (24), we may regard v as a quantity of the first order of 
smallness. Hence, in an approximation in which we ignore all quantities of the second 
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order of smallness we may interchange the differentiation with respect to / and an inte- 
gration over the spatial co-ordinates. Thus, in this approximation equation (36) becomes 


a?V 1 
—— = 2w?V —49nGM — | —gradP> lisdS. 37 
<a = WV —4nGM — f grad P- LusdS (37) 
Writing V = Vo + 6V, etc., in equation (37), we obtain 
1 
—.— = 26 (wV) —6 J —gradP- lasdS . 38 
2 wV) J D g is (38) 


We shall now suppose that ér is along r and that 6r/ro can again be represented as in 
equation (6). Under these circumstances equation (28) allows us to conclude that 


Fg Ro ae es (39) 


Wo To 
Moreover, it is clear that, to be consistent with our assumption of uniform rotation (w 
independent of spatial co-ordinates), we should also suppose that 
£) = constant (40) 
throughout the entire configuration. As we have seen in § 1, this assumption leads, in 


most cases, to a fair approximation for the period and is therefore to be regarded as not 
too restrictive. On the assumption (40) 
5p ' 6V 


—= — 3k yeir and = 3f£,e*'. (41) 
Po Vo 0 


Further, according to equations (39) and (41), 
S if 





26 (wV) = 2w?V (2224 — 2w?V ,é,e%#". (42) 


Again, to a first approximation, we have 
1 > . 1 : 1 : 
sf 3 grad P- lgsdS = fo (- grad P). lis,d So +f . gradyPo- 6 (lasdS). (43) 


As in § 1, we shall assume that during the pulsations the changes of state take place 
adiabatically. Then 


6 (- grad P)= a cee s grady Po oi -— ~ grads (TP. 7) 4 +— (6 grad) Py). (44) 
p Po Po 


Now the components proportional to 0/dr and 0/rdd of the gradient operator at time / 
have the values 


1 7) to £2 
Accordingly, 
5 (grad) = — &oe**' grado. (46) 


Restricting ourselves further to the case where I is a constant, we have 


1 ‘P. 6 T, 6 is 
— grado (TP “) = i=? gra it St OE Sion J grado Py , (47) 
Po Po Po Po Po Po 





Cm ke ee 
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or, since 5p/po is independent of spatial co-ordinates (cf. eqs. [40] and [41] ), 
1 De 
— grady (TP. <2) = —3e! - grado Po. (48) 
Po Po Po 
Combining equations (44), (46), and (48) and after some further minor reductions, we 
find 
1 
6 (F grad P) = fue’! (2-31) — grads Po. (49) 
0 


Now, since the bounding surface S of the configuration must be an equipotential 
surface, 


Lig EES (50) 
|grad ¢| 
Also, we may write 
dS = 2rr’ sin ddd. (50’) 


Further, under the assumptions made concerning 6r, it is evident that the direction of 
the normal is left unchanged during the pulsation. Hence, 


5 (lasdS) = 2&ge*** (las,dSo) . (51) 


Introducing equations (49) and (51) into equation (43), we have 


. > ° 
sf Fi ste P. lasdS = (4 —3r;) Eoeiet f 


oo 


~ grad P- Lis.dSo. (5 2) 
0 


The foregoing equation can be further simplified by the use of equations (32) and (33). 
Thus, 


1 ’ ° . 
sf | grad P+ lasdS = (4 —3P) Eve [ divograd, god Vo | as 
= (4-31) Ee! (2u02V) —44GM). } 
Equation (38) now reduces to (cf. eqs. [41], [42], and [53] ) 
o? = §nG (31, — 4) p+ Fo3 (5 —3F)), (54) 


where p denotes the mean density. For a mass devoid of rotation, equation (54) gives 


o? = 4G (3, —4) p. (55) 


In this case of no rotation a better approximation, taking into account the variation of 
£) with ro, can readily be found. The final result can be expressed in the form 


"7a : + at) j 7 
o =5 G5 | (3r 4) +R (E52 |. (56) 


where R is the radius of the spherical star considered. However, equation (56) has the 
disadvantage that it makes o? spuriously sensitive to the boundary values. 

According to equation (54) for ¢ < IT’; < 4, the effect of rotation is to increase o’, 
and this implies a decrease in the period. But this can only be regarded as a qualitative 
indication. For equation (55) predicts for the standard model, for example, a value of o 


which is smaller than the true value by a factor 3.6. On the other hand, equation (55) 
predicts a value which approaches the true one in the limit of a uniform distribution. As 








150 P. LEDOUX 


our discussion in paper I has shown, the effect of the central condensation is to multiply 
the value of o® given by equation (54) by a factor of the order of 


30 


asf) 
pi 4nGply’ 


We may assume that this is true of the first term of equation (54). But to find the cor- 
responding factor for the second term we need a more detailed discussion, which is un- 
dertaken in the following section. 

3. The application of the virial theorem to the pulsation of a rotating star.—The state- 
ment of the virial theorem for a rotating configuration can be deduced from (1) if proper 
allowance is made for the fact that in this equation T refers to the kinetic energy in a 
fixed frame of reference. However, we shall derive the necessary formulation of the theo- 
rem more directly from the equation of motion (31). Re-writing this equation in the form 


(57) 








Ad dm = — (grad P) dV + (grad B) dm+ [3w* grad (x?+ y?)]dm, (58) 
we resolve it into its Cartesian components. We have 
d*x OP a ) 
—- dm= — — oF ts dm+w'xdm , 
dt? Ox 
= = dV 2 dm+w*ydm, > (59) 
d*z oP, 
-dm = 
dt? 





Multiplying the foregoing Sabon by x, y, and 2, respectively, adding them together, 
and integrating the result over the entire configuration, we obtain 


aL tet L1G) HG) +G) lee 


+f ( ety ‘ay tea )int foe (x? + y?) dm | (60) 


-f[ at es +95 +8: Z =) dm. 


where use has been made of the relations 


a°x 1 d?x? m 
pace inlicn ¢ 
“GP 2 de (5 Sat 


Equation (60) can be written alternatively in the form 
1 d?J m 
=: ‘. — wre Dah 2 
5 grt Jr .grad PdV +f wd MN , (6 


where J and Q have the same meanings as in § 1, 72 is the kinetic energy with respect 
to the chosen axis, and 9? is the total angular momentum (d9)t = w*ix? + y*|dm). Since 


div (rP) =r-grad P+ 3P, (63) 


re r-grad PdV = rf div (P) dV —3 £ PdV | 
a he | eee 7 
- Fs (rP) + lysdS — 3 I Pav. 





we have 


(64) 
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But as P vanishes on the bounding surface, we have 


-grad PdV = —3 | PdV 65 
Ir grad Pd J Je dV. (65) 
Equation (62) therefore becomes 

1 d?J a 

5 gpa Uh +043 f Pav +f wd M (66) 


In considering the variation of this equation we shall (as in § 2) consider displacements 
ér, which lie in the meridian planes and which can further be represented as 
ér 
rom Ege iw (> = constant). (67) 
0 
Also, & is assumed to be a quantity of the first order of smallness. For such variations 
T, is of the second order of smallness and can be ignored. We can therefore write 


5 aa ie s0+3 fi (=) dm(r) + 5 foam. (68) 
Remembering that & is assumed to be a constant, we have 
6I = 2épe'*'T, and dQ= — Eoe'*'Qy. (69) 3 
ware for adiabatic pulsations under our present conditions we have (cf. eqs. [11] 
and [12]) 
| 5 (= -) = (P,- 1) 22 = — 3g ec (T, ~ 122, (70) 


Assuming, further, that I’, is a constant, we have 


M 
[3 (< “) dm (r) = — ( ri 1) geet f’ Pod Vo, (71) 


and equation (68) becomes ™ 
We 


-o fet], = — Eoe'7'Q — 3 (Ti — 1) & ates J 3Pod Vot 5 wd Wt. (72) 


On the other hand, for the equilibrium position equation (66) gives 
M 


Oke 3 f Pod Vot f wd M = 0. a 


Combining equations (72) and (73), we have 
mM 
tas a oe tot To = (3r, — 4) Ee '7'Q +3 (T, te 1) wy De E,e'*' + 5f wd WM : (74) 


Now the conservation of angular momentum insures that 9? and dt remain constant 


during the pulsation. Hence, - 
We 


5 pc odm= f= am; (75) 
0 Wo 
or, using equation (39), 
M ~M i 
sf wd = — 2éveiwt | wod M = — 2Eqe*'woM . (76) 
“0 


3 The relation for 62 follows from the fact that Q is of dimension —1 in the relative distances. 
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Substituting this in equation (74), we finally obtain 


gre — BE = 4) % | (5=3P1) wo M an 
2 To 


Just as equation (21) for the period is superior to equation (55), we may expect that 
equation (77) is a correspondingly better approximation for the period when there is ro- 
tation than equation (54). On the other hand, equations (77) and (54) become identical 
in the limit of a homogeneous distribution. 

Now the factor introduced by our present method in the second term of (77) is never 
very different from 29/3, while Qo/J» can be much larger than 4%Gp/3. For instance, in 
the case of the standard model, %/79 = 13.26 X 4rGp/3. If we consider a star having 
the same distribution of density as the standard model but rotating with an angular 
velocity w and neglect its deviations from spherical shape, we have 





o? = 13.26 (31, —4) £4 2(5—3ryZ, (78) 


where we have used g to denote the gravitational attraction at the surface and f the cen- 
trifugal force at the equator. If we take its spheroidal shape into consideration, 2/Jo 
will decrease and S)t/Jo will increase. However, the maximum value of Yt/Jo is 1; and 
Qo/Zo is not likely to become much smaller for stable configurations than its spherical 
value, since the central condensation will persist; and 29/7) = 10 XK 4rGp/3 is likely to 
be a minimum value. With these values (78) becomes 


f - 
2~ 10(3r, —4) £4 (5 —3ry). 79 
e (3r, )et ( DR (79) 

Now let us consider more closely the implications of our assumptions concerning 
ér. For displacements of the kind we have considered, isosteric as well as isobaric, sur- 
faces will remain as such, since p/p) = constant and 6P/P» = T':6p/po = constant. But 
on such a surface ¢ will not remain a constant, and grad ¢ and grad P will not continue 
to be parallel and there will be a tendency to create a current causing circulation. To the 
first order of approximation the restoring force along r is 

I Bo 


F, = & (30; —4) 5 — & (5 — 30) a7, sin® ov. (80) 


But there is a component along @ as well, and this has the value 


: ' 1 AB Ae ee 
Fo= §(3P— 4) Sy € (5 — 321) wGr sin 0 cos 0. (81) 


For a spheroid of revolution flattened at the poles Fy vanishes at the poles and at the 
equator. Comparing F, and F's at 45° for masses which have reached their critical con- 
figurations (maximum rotation compatible with steady rotation), we shall obtain an 
idea of the maximum effect of Fy. If we take T; = 3, the ratio of Fy to F, at 45° on the 
surface of the critical Roche’s model is equal to {, and on the Maclaurin’s spheroid it is 
equal to js. On the other hand, what happens in the external layers of the star is not 
likely to have a great bearing on the problem and in any case would not be expected to 
affect the proper period of the star, so that we should really compare the values of F's 
and F,, at some distance inside the surface. Actually, the ratio decreases rapidly with r. 
Thus, if we suppose wp» to be reasonably far from its critical value, the component of 
force along # will be small, compared to the component along r; and the transfer of ener- 
gy from the pulsation to the currents due to Fy will be slow, compared to the period of 
pulsation. Therefore, it is the stability, rather than the period, which will be affected. 
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However, if IT’; approaches $, equations (54) and (55) become equal at 45° and our ap- 
proximation breaks down altogether, whatever the rotation. If I’; becomes smaller than 
$, it is seen that the star becomes unstable at the poles along r and that currents will be 
set up rapidly in the rest of the star, increasing its instability. 

Returning to equation (79), we see that, if its validity is assumed also when f and g 
are of the same order of magnitude, the contribution of rotation to o? amounts to only 
about 10 per cent if ', = $. The corresponding change in the period will be about 5 per 
cent. However, as the central condensation decreases, the effect of rotation on the period 
increases. Thus for a polytrope n = 2, under similar circumstances the contribution of 
rotation to o? can amount to 20 per cent. 


It is a pleasure to record my indebtedness to Dr. S. Chandrasekhar for his help in re- 
casting the original paper in a more presentable form and for seeing the paper through 
the press. 








CHEMICAL COMPOUNDS IN THE SUN* 
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ABSTRACT 

Sunspot and solar-disk spectrograms, AA 3000-11500, when compared with laboratory data compiled 
by Pearse and Gaydon, show that 18 chemical compounds are recognizable in both spot and disk. Criteria 
for identification are mainly qualitative and physical rather than statistical. Observed vibrational transi- 
tions are summarized; maximum excitation potentials for spots are well over 1 volt. A finding list of solar 
bands is given. 

The compounds VH and probably MgH appear in electronically excited states as well as in the nor- 
mal state. The red system of CN is weak but extensive in both spot and disk. Newly identified compounds 
are BH, MgF, SrF, YO, ScO, MgO, and Oz, the last being observed in high vibrational levels of the ground 
term. For 14 others, nearly all considered present by previous observers, no evidence is found. 

Agreement between abundance estimated from the appearance of bands and computed from the 
theory of dissociative equilibrium by Russell’s method is improved and extended. 


The abundance of chemical compounds in the atmospheres of the cooler stars has been 
investigated theoretically by Miss Cambresier and Rosenfeld,! by Rosenfeld,? and by 
H. N. Russell.* From atomic abundance, the properties of molecules, and the tempera- 
tures and pressures characteristic of stellar atmospheres these writers computed the 
numbers of molecules, on an arbitrary scale, above unit area of the photospheres of the 
later-type stars. The difficulties are serious, requiring the introduction of numerous as- 
sumptions, and the molecular data are incomplete; yet the results exhibit a general agree- 
ment with the observed abundance. 

Miss Cambresier and Rosenfeld concluded that the observed intensity variations of 
molecular bands in stellar spectra may be accounted for on the theory of dissociative 
equilibrium; and, with some quite different assumptions, Russell not only reached the 
same conclusion but incorporated many additional details. His method and the observa- 
tional data for the sun, which he took from the compilation by R. S. Richardson,‘ are a 
convenient point of departure for the present work. 

Progress in the laboratory analysis of molecular spectra, together with new solar ob- 
servations, now permits a broader survey of compounds in the sun than was formerly 
possible. With the aid of G. Herzberg’s Molecular Spectra and Molecular Structure’ and 
Pearse and Gaydon’s [dentification of Molecular Spectra® this paper presents a synopsis 
of the molecular components of the sun’s atmosphere, both computed and observed. 

No claim to completeness is advanced; indeed, unidentified molecular absorption 
bands in sunspots are more numerous and extensive than those now accounted for. The 
identification of solar bands is rendered difficult by their superposition on a rich atomic 
. spectrum, by extensive overlapping among themselves, and by the dearth of laboratory 
data. The impressive spectral complexity associated in some molecules with a single 
electronic transition, the phenomena of molecular absorption continua, well known in 
the laboratory but not yet recognized in the sun, and the probability that molecules and 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 708. 
1M.N., 93, 710, 1933. 2M.N., 93, 724, 1933. 

3 Mi. W. Contr., No. 490; Ap. J., 79, 317, 1934. 

4 Mt. W. Contr., No. 422; Ap. J., 73, 216, 1931. 

5 New York: Prentice Hall, 1939. 6 London: Chapman & Hall, 1941. 
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radicals not yet produced in the laboratory may be observable under solar conditions 
have all to be taken into account. The solar bands not yet interpreted will doubtless re- 
veal the presence of additional compounds, but much further study must precede a truly 
comprehensive knowledge of the molecular constituents of the sun’s atmosphere. 

Most of the spectrograms for the present investigation were obtained during the last 
sunspot maximum at the Hale Solar Laboratory in Pasadena. With the 150-foot reflect- 
ing telescope and various orders of a 21-foot concave grating (Eagle mounting) more 
than 100 spectrograms were made of the solar disk between d 2950 and A 12200 and of 
spots between \ 3000 and \ 11500. In addition, a few plates procured by the late Ferdi- 
nand Ellerman with the equipment on Mount Wilson have been used. 

Earlier workers depended mainly on coincidences between solar and laboratory wave 
lengths of individual lines for the identification of compounds in the sun, a method which 
yields conclusive results when the solar absorption is sufficiently strong, as in Fowler’s 
work on OH and NH. In the case of bands of less favorable intensity, additional evidence 
from the occurrence of band heads and from the statistical criterion of Russell and 
Bowen’ is especially valuable. 

For very weak solar bands the line-coincidence method alone, or even in combination 
with the Russell-Bowen test, may lead to erroneous results, some of which are set forth 
in the notes to Table 3. When observed under the best conditions, extensive regions of 
the sunspot spectrum present no true continuous background but show, instead, innu- 
merable faint absorption “lines,” many of which are not discrete. Such “lines” result 
from superposition of real lines, too faint to be perceived separately, associated with 
molecules whose band spectra overlap. Measurements on such an array of “lines” have 
little accuracy and less meaning. There is always a coincidence, within errors of observa- 
tion, with any arbitrarily chosen wave length in the region; and the statistical test fails 
because the total number of real lines within a given interval cannot be determined. The 
microphotometer gives no help in disentangling the individual lines. It does, however, 
show plainly the broader fluctuations in such a background, sometimes surpassing the 
eye when the gradient of density is very slight, the region extended. 

The foregoing remarks apply also, in part, to the background of the disk spectrum, 
where irregularities occur, although less obviously than in spots. These features of the 
disk spectrum defy attempts to measure them but clearly match the positions of the 
similar stronger variations in the spot. As would be expected, the perception of such de- 
tails is favored in the observations under discussion by the width of the spectrum and by 
its freedom from dust lines and from obscurations due to a compound quarter-wave 
plate. 

The physical method of identification is analogous to that which has proved effective 
for atomic spectra. It rests upon the electronic and vibrational analysis of the molecular 
spectrum; reckons with band heads having the type of degradation, position, and rela- 
tive intensity within a given vibrational transition reported from the laboratory; recog- 
nizes that, among the members of a system of bands, the distribution of intensity may 
be very different in absorption and in emission; and questions the identification of any 
absorption band (unless the relative probabilities of transition favor it) if others of the 
same molecule having lower excitation potential are absent. 

The dependence of visibility of a head on molecular abundance may be illustrated by 
the A band of atmospheric oxygen. With an air path of about 100 km, as at low sun, the 
head of this band is sharply defined on the violet edge and forms a black break in the 
solar spectrum. But with an air path of 3 meters the spectrum of any continuous source 
shows only two doublets in the P branches of the band, about 40 A to the red of the nor- 
mal position of the head, since, line for line, the R branches, in which the head occurs, are 
weaker than the P branches and thus disappear first with diminishing abundance, leav- 
ing the two strongest P doublets as raies ultimes. 


7 Ap. J., 69, 196, 1929. 
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Such an observation shows that the absence of a compound is not necessarily a valid 
inference from the absence of its band heads and indicates that many faint lines in the 
solar spectrum may be ultimate remnants of ground-state bands associated with rare 
molecules or with abundant molecules in excited states, of which numerous varieties 
must be present. 

For the present purpose no measurements of individual lines have been used except in 
the case of CN, O2, NH, and a group of unknown lines in the red which will be discussed 
later. Positions of band heads have been derived from adjacent atomic lines, with due 
allowance for uncertainties, since the heads are not susceptible of precise measurement. 
Intensities of heads have been designated; 0, barely discernible; 1, weak; 2, medium; 3, 
strong—a logarithmic scale corresponding to that used by Russell® for the intensity of 
bands, as determined by the individual lines. Although my intensities are not always 
strictly identical in meaning with Russell’s values, the distinction is unimportant for our 
purpose. 

Tables 1 and 3 list relative numbers, S, of molecules above unit area of photosphere 
for both disk and spot in descending order of computed spot abundance. All numbers 
followed by ‘“‘R” have been taken from Table III of Russell’s paper; other numbers, ex- 
cept as noted below for OH, are newly computed or observed by the writer. 

Details of the method of computation will be found in Russell’s paper. For our present 
purpose it will suffice to state that if A and B are any two atoms that may be associated 
in a diatomic molecule or radical, and if S4 and Sz are their atomic abundances in the 
sun, the abundance, Sz, of the molecule AB is given by 


log Saaz = log S4 +tlog Sz —log K4n —12.6., 


where K 42 is the dissociation constant for AB corresponding to the solar temperature. 
With a few exceptions the atomic abundances are those derived by Russell from the in- 
tensities of atomic solar lines; K is computed as a function of the dissociation potential, 
the fundamental frequency of vibration, the statistical weight, other less effective molec- 
ular constants, and the temperature. 

Taking, for example, the molecular constants for CH from compilations by Jevons or 
Herzberg and putting T = 5740° for the solar disk, we have 


logie Ken = = log 5740 — 0. 256 | 2851+ log 0.92 


~ 5740 ‘5740 
— 2log 1.13+log 2851+log 3+0,24 
= 2.3. 


The abundance of CH in the disk follows from 
log Sew = 7.5+10.5 — 2.3-—12.6= 3.1, 


as tabulated. 
For disk and spot, respectively, log S = 4 and 5 has been adopted for both B and F. 


As compared with the early estimates of Russell, these lower values seem more consistent 
with current opinion on terrestrial abundance—a fair index of solar abundance. For Y 
and Sc the abundance found by Russell® has been used. 

In Table 1, the sixth column, “Observed Av in Spot,” shows all the values of Av = 
v’’ — v’, where v” and 0’ are the vibrational quantum numbers in the states of lower and 
higher electronic excitation, respectively, as observed in the spot spectrum. Thus, if 0 
stands alone here, it signifies that only vibrational transitions such as0,0;1,1;2,2...., 


8 Op. cit., p. 324. 9 Mt. W. Contr., No. 383; Ap. J., 70, 11, 1929. 
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have been found; a positive number means that the vibrational energy of the lower state 
exceeds that of the upper, and vice versa. 

The seventh column states the vibrational quantum number, v”’, for the observed 
band having the highest excitation potential, while the eighth gives this potential as cal- 
culated from the relation 


w (vo +2) —wx (0’’+3)? 
8067 ‘ 





E.P. (volts) = 


Molecular constants of vibration for the lower electronic state are here written w and 
x without subscript, and v” is taken from the seventh column. The small additions (maxi- 
mum ~40.1 volt) that should be made to some of the tabulated excitation potentials to 
allow for the rotational energy of the lower electronic state are ignored. 

The ninth and tenth columns give the numbers, respectively, of ground-state systems 
observed in the spot and of other ground-state systems known in the laboratory. A mole- 
cule with only one system involving the ground state is more likely to be seen in absorp- 
tion than one with several such systems. Similarly, complexity of a system may reduce 
its visibility as compared to that of an equally probable electronic transition which pro- 
duces a system having fewer branches. 

The abundance computed for OH has been taken from R. J. Dwyer '° but reduced one 
thousand fold in accordance with R. S. Mulliken’s" calculation of the ratio of absolute 
intensities of OH and CN. This procedure removes much of the discrepancy found for 
OH by Russell, who suggested that faulty calibration of Rowland’s solar intensities near 
d 3000 might be responsible. I have given special study to the intensities of individual 
OH lines in this region and find them consistent with the scale of intensities in the region 
\ 3600, about which no doubts have appeared. It is true, however, that Rowland’s in- 
tensities of many other lines near \ 3000 require revision, a task now in progress. 

For NH, O2, and CN, multiple entries appear in Table 1. The first line for NH con- 
tains Russell’s computed abundances and my observed values, with added data. These 
entries refer to the only known system of ground-state bands. The second and third lines 
for NH show results for two systems arising from electronic levels 'A and 'Z, approxi- 
mately 1.2 and 2.3 volts, respectively, above the ground state. The computed abundance 
here requires reduction by some factor expressing the relative probability, as compared 
to that of the ground-state system; but it seems unlikely” that the logarithmic abun- 
dance would be changed by 1, and the factor is ignored. No other celestial absorption 
bands from electronically excited levels are known. 

The first line for O2, showing only Russell’s computed abundance in disk and spot, 
refers to the lowest vibrational level of the ground state, i.e., bands of the Schumann- 
Runge system having v’’ = 0. These are inaccessible in the ultraviolet. The second line 
for O2 shows computed abundance for bands in the same system having v’’ = 21, with 
observations for several vibrational transitions involving similar high values of v’’. The 
corresponding bands extend into the visible region as far as \ 4452, having been ob- 
served in the laboratory in both absorption and emission. Solar identifications have been 
made by comparing the laboratory wave lengths of H. Fesefeldt,'* as analyzed by Lochte- 
Holtgreven and Dieke,' with the wave lengths in the Revised Rowland. Over 200 lines of 
Oz belonging to 6 bands, AX 3230-4452, coincide with weak unidentified solar lines, while 
nearly as many more fall upon atomic solar lines previously identified. Of 14 band heads, 
6 are probably present, 2 are masked, and 6 are uncertain. 


10 Ap. J., 100, 300, 1944. 

1 Ap. J., 89, 287, 1939. 

12 Suggestion of Dr. Swings. 

13 Zs. f. wiss. Photographie, 25, 33, 1927. 14 Ann. d. Phys., 3, 937, 1929. 
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In Table 1, the third line for O2 refers to the extension of the Herzberg system of ultra- 
violet bands, whose stronger members are also beyond \ 3000. The vibrational analysis 
and the positions of many heads are due to P. Swings,'* who has identified them in the 
spectrum of the night sky. The abundance has been computed for v’’ = 8, allowance 
being made for the lower probability of this forbidden transition by subtracting 3 from 
the computed logarithm. No rotational details are available for the identification of in- 
dividual lines, but 9 of the heads appear to be faintly present in spots between A 3200 
and A 3700. The evidence appears sufficient to establish O2 as an abundant constituent 
of the solar atmosphere in accord with computation. The recognition of Oz may have 
added significance because this molecule has enormous opacity in the ultraviolet and 
also because it is paramagnetic. 

The first line for CN refers to the violet system and the second to the red system, now 
for the first time observed in spot and disk. Thanks to A. S. King and P. Swings, who 
kindly made available the manuscript of their paper, ““A Comparative Study of the Red 
and Violet Systems of CN Bands,’’* before its publication, the 1, 0 band of the red sys- 
tem could be identified by the line-coincidence method. Of the laboratory wave lengths 
for 112 lines, AA 7873-8161, which these writers have observed in both absorption and 
emission, 74 coincide with lines of solar intensity —3 to —1 in the disk, 35 are masked 
by stronger lines, and only 3 of the weakest are unaccounted for. Spot effects for 16 of 
the lines amount to a general strengthening of about one intensity unit, while no Zeeman 
effects have been seen. 

This evidence alone would establish the existence of the red system in the sun. It is 
reinforced, however, by the recognition of weak heads belonging to many other bands in 
the system, for some of which no rotational details are available. Jenkins, Roots, and 
Mulliken" observed parts of this extensive system in the laboratory and made a vibra- 
tional and rotational analysis. Each vibrational transition gives rise to eight branches, 
three of which show heads more or less distinctly. If we bear in mind these facts as well 
as the conclusion of King and Swings" that in absorption the violet CNV system has 87 
times as high a probability of occurrence as the red system, it is somewhat surprising 
that the latter can be observed in a star as hot as the sun. But a search for the heads 
recorded by Jenkins, Roots, and Mulliken, as well as for others now computed from their 
analysis, shows that 15 vibrational transitions are more or less certainly represented in 
spots. Only the stronger of these are seen in the disk. The results are summarized in 
Table 2, which leaves no question that the strong CN absorption observed for \ < 9000 
in cooler stars is, in fact, only a fraction of the total effect due to this molecule. Since the 
opacity of C and WN atoms is insignificant, compared to that of CN, the formation and 
dissociation of this compound may well play an important role in the atmospheres of 
N-type stars. 

For red CN, log S is obtained by subtracting log 87 = 1.9 from log S for violet CN, in 
accordance with the results of King and Swings. Since this molecule, as well as CH and 
TiO, appears in more than one ground-state system, the computed abundance is slightly 
too large for comparison with observations on any one system alone. 

Seven compounds now for the first time identified in the sun are BH, MgF, SrF, YO, 
ScO, MgO, and O;. The first three of these are of interest because they present the only 
evidence for the occurrence of B and F (BO and SiF now being rejected; cf. Table 3). 
Richardson'* reported BH absent; but as he appears to have examined only one spectro- 
gram for this purpose, the discrepancy may be accounted for by the remarks which fol- 
low on real variations in the appearance of bands. No solar evidence for halogens other 
than F, either atomic or in chemical combination, has been reported. The head of SrF at 


18 McDonald Obs. Contr., No. 63; Ap. J., 97, 72, 1943. 
16 Mt. W. Contr., No. 700; Ap. J., 101, 6, 1945. 
17 Phys. Rev., 39, 16, 1932, 18 Pub, A.S.P., 47, 275, 1935. 
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\ 3712 is scarcely recognizable on ordinary disk and spot spectrograms because of con- 
fusion with atomic lines. The space AA 3713-3715 is, however, practically free of atomic 
absorption; and here are found weak lines, strengthened in spots, whose arrangement 
indicates rotational fine structure. This apparent rotational structure is still better de- 
veloped in absorption in the spectrum of the extreme solar limb, where it can be traced 
to the head at \ 3712. Two heads in the deep-red system are faintly present in spots. 









































TABLE 2* 
THE RED SYSTEM OF CN BANDS IN THE SUN 
v’”’ 
v’ 0 1 2 3 
Disk Spot Disk | Spot Disk Spot Disk | Spot 
Re Ry R2? R2? 
0 
9140 A 11240C r 14600C 
Re R: R, R, R2? 
1 
d 7873 d 9393 d 11574C d 15240C 
a R2 Ro R; Re Ro R2? 
2 a R, Ri? Ri 
a Q: 
d 6920 d 8067  9635C A 11922C 
a R2 a Re a Ro»? 
3 a R; a (R) Ro Rg 
i a Q: a 1 
d 6192 d 7091 d 8272 A 9901C 
a R; R2 Ro 
4 (Ri) tf R; a a a a 
a Q: 
d 5619 dA 6332 7259 d 8485 
a Ro? 
5 tT t (R:) (Ri) a a 
1 
d\ 5140 5731 d 6478 7440 

















*a = absent; ( ) = masked; underscoring indicates strengthening; C = computed; leaders indicate no 
observation; t = confused by other bands. 


For H2, CO, NO, SiO, and Ne, not shown in Table 1, Russell’s computation (E.P. = 0) 
indicates great abundance; but the evidence, as he remarked, is inaccessible. On further 
examination for higher vibrational states, the computed abundances for CO, NO, and 
N2 show that in sunspots these compounds might become observable. Thus far they have 
not been found. Even in the most favorable excited state, Hz was shown by Swings'® and 
by Russell* to be too weak for detection. 

In Table 3 are listed compounds which I do not find in the sun, although most of them 
have been identified there by other observers. The notes amplify the tabular entries with 
observations from other sources, confirming or explaining my observations. 


19 Pub. Inst. d’ Astron. Liége, No. 120, 1934. 
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TABLE 3 
COMPUTED ABUNDANCE OF COMPOUNDS NOT FOUND IN THE SUN 





























Loc S 
; | 
ComMPoUND Disk | Spot 
| 
Comp | Obs | Comp. Obs 

pp tbe dl page tany 1.3R | a | 3.2R masked 
BE) cc ea eee —0.8 | a | 1.7 a 
iT i's 2308 1 SIC ISR —0.7R a 1.4R a? 
Cee Sewsuececes —0.7R | a | 0.7R 
Pt ERE OS 2 anny a ee 2 ae EAN cp ies a> idee | —0.5R masked 
ape ee Aarne: See ne ine —3.1 a | —0.6 a 
BAO: os, s FOI Ee oA Ala 5 ARRAS Oe Ee 
Ber, B38 5% DOO, LOH WE: hte Ane ae |} a 
Fae sche bars bees Oe —4.0 a —1.5 a 
Co) SR eee —4.7 a | —2.3 a 
MRE oo isaac veoh Pet cugia pen Pa Pea a 
Cah JERVIS OM gee) tag mn | +40.6 a 
MoM.) i285 ELL SCIP KAA a SEP a 1S IhbS Foe a 
COREE es sie's bes th bac tes Gs TL Oe a (ib ft. 2 a 








NOTES TO TABLE 3 

As in Table 1, the computed log S is followed by “R” when taken from 
Russell’s paper; numbers not so marked have been computed by the writer. 

SiN. One complex ground-state system is known. 

BO. Identified by Nicholson and Perrakis (Mt. W. Contr., No. 370; Ap. J., 
58, 489, 1928). Bands studied by them have E.P. ~ 0.6 volt. Two strong 
complex ground-state systems are known. Tanaka, Nagasawa, and Saito 
found no evidence for BO in the sun (Proc. Phys.-Math. Soc. Japan, 21, 421, 
1939). 

AlH. Identified by Richardson (Mt. W. Conitr., No. 422; Ap. J., 73, 216, 
1931) from bands with E.P.0.3 volt and 2.9 volt. Three ground-state systems 
are known. Not found by Tanaka, Nagasawa, and Saito (op. cit.) or by Sten- 
vinkel, Svenson, and Olson (Arkiv mat., astron., fysik, Stockholm, 26A, 10, 
1938). 

CuH. Six ground-state systems are known. 

ZnH. Two ground-state systems are known. Stenvinkel, Svenson, and 
Olson (op. cit.) concluded that this compound is not established in the spec- 
trum of the disk. 

SiF. Identified by Richardson (0. cit.) from band having E.P. = 0.47 
volt. Three very complex ground-state systems are known. 

BN. No analysis is available. In a personal communication Professor 
Swings reports that BN is absent from the spectrum of the solar disk. 

FeH. Analysis incomplete. 

PH. Identified by Nicolet (Pub. Inst. d’Astron. Liége, No. 205, 1937), a 
result shown by Miss Davis (A p. J., 94, 276, 1941) to be due to chance. The 
system is very complex. 

CP. See remarks for PH, which apply here. 

FeO. No analysis available. The familiar emission bands in the visual re- 
gion are absent. 

CaO. Analysis incomplete, ground state not yet determined. Six band 
systems are known. 

NaH. Stenvinkel, Svenson, and Olson (op. cit.) consider Nicolet’s identi- 
fication improbable. Energy of dissociation uncertain but probably about 
2.2 volts. 

CdH. Energy of dissociation only 0.678 volt. Two ground-state systems 
are known, each with multiple branches. Stenvinkel, Svenson, and Olson find 
no evidence for it. 
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In Table 4 approximate wave lengths of band heads that have been recognized in spot 
spectra are shown for the molecules listed in Table 1. For each system the type of transi- 
tion is stated, and the symbols “‘R” and “‘V”’ show that the heads degrade toward the red 
or the violet. In two cases where the degradation is more or less symmetrical in both di- 
rections, ““R” and “V” are used together. Vibrational quantum numbers—v’ for the 
excited state and v” for the lower state—are given for most of the bands. Parentheses 
inclose the more doubtful heads. Data assembled here are taken mainly from Pearse and 
Gaydon.*® 

Table 5 collects a group of lines whose origin is unknown. The wave lengths in column 
1 are from spot spectra, where their intensity and sharpness make them very well meas- 
urable. Some of these lines appear to have extremely weak counterparts in the spectrum 
of the disk, but several of those strongest in the spot are absent in the disk; the apparent 
correspondence is probably in part fortuitous. 

It is not certain that the lines of Table 5 constitute a physically related group or part 
of one, but their similarity in character, small range of intensity, and localization in a 
comparatively narrow spectral range indicate that they are related. Even in the magnetic 
fields of the largest sunspots, these lines show no trace of Zeeman effect but remain excep- 
tionally narrow and black. To postulate a molecular origin for them seems inescapable. 
Their open spacing (average distance apart = 3.9 A) and the apparent absence of any 
regularity in their arrangement suggest that they belong to a band spectrum like that of 
He, of which the members in Table 5 may be only a few of the strongest individuals. 


DISCUSSION 

A new feature of the data in Table 1 is the occurrence in the normal disk spectrum of 
all 18 compounds found in spots, whereas only about one-third of them had been recog- 
nized there before. Numerous weak unidentified bands, however, have thus far been seen 
only in spots. 

In the normal] spectrum of the solar disk variations have rarely been noted in the ap- 
pearance of any molecular band, but among sunspot spectrograms marked differences oc- 
cur. Such differences, when they affect both atomic and molecular lines, are usually only 
apparent and result from technical difficulties all tending to submerge thé spectrum of 
the umbra in that of the penumbra and the disk. Imperfect seeing, errors in guiding, and 
the scattering of light by atmospheric and instrumental causes all impair the true sun- 
spot spectrum. 

But sunspot spectrograms are sometimes obtained, usually from different spots, on 
which clear differences in the molecular bands cannot be accounted for by observational 
limitations, since the atomic lines on each spectrogram exhibit, fully developed, the 
familiar magnetic and thermal effects associated with the spot spectrum. The observed 
differences in the strength of molecular bands are occasionally so marked as to indicate 
real variations in the abundance of compounds from spot to spot. 

In Table 1 the mean systematic difference, observed minus computed, is, for spots, 
A log S = —0.3; and the mean without regard to sign is +0.9. As Russell remarked, 
many of the computed values of log S are uncertain by 0.5 or more, on account of inade- 
quate laboratory data. It is probable, therefore, that errors in the observed values of 
log S in Table 1 are, on the average, about +0.5. In the special case where variations in 
the strength of the same band are studied on spectrograms of equal quality, effects cor- 
responding to an appreciably smaller change in log S should be readily distinguished. 
Russell’s computations” for TiO show that in stars like the sun a change, A log S = — 1.0, 
corresponds to an increase of about 500° in the temperature. Differences of temperature 
from spot to spot amounting to only 200° or 300° should therefore be observable, and it 
should not be surprising if a band barely discernible in one spot were invisible in another. 


20 Mt. W. Contr., No. 490; Ap. J., 79, 332, 1934. 
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TABLE 4 


WAVE LENGTHS OF BAND HEADS IN SUNSPOT SPECTRA 


Molecule Transition |Degradation| v’, vo’ d 
OH......| 72m | R | 0,0 | 3063,3078, 3089 
| a 3121, 3126 
| 2,2 3185, 3190, 3195, 3209 
0,1 | 3428, 3432, 3458, 3472 
ee owl 13> R \ 0,0 | 3360 
1,1 | 3370 
1T]<—1!A* R 0,0 | 3240,3253 
| €ie>* R 0,0 | 4502, 4523 
O». B3S—XsE R 1,18 | 3913 
1,19 | 4096 
2,21 | 4373 
2,19 | 3087 
2,20 | 4173 
1,20 | (4292) 
0,18 | (4021) 
AID X35 R 7,6) | 
0,3' | 3211 
2,4] 
4,5 3233 
2,5 
0,4> | 3378 
| 4. 6 | 
6,7 | 3425 
| 1,5) | 3460 
3,6 
2,6 
0,5} | 3556 
4,7 | 
| 6,8 | 35908 
5,8 3664 
| 7,9 3707 
| a an ai, ; Be, : a 
CB. ....:) ~ 4ieB V 0,0 | 4312,4315 
2] R 0,0 | 3889, 3872 
| 1,0 | 3628 
} 
25] VR 1,1. -1 3187 
0,0 3145 
Te 1) he? ; oi 1,0 | 3590 
2,1 | 3586 
343... 1 .9R66 
By | 3862 
1,1 3871 
0,0 | 3883 
5,6 | 4152 
4,5 | 4158 
3,4 | 4167 
23 4181 
1,2 4197 
0,1 4216 


* The 'A and ‘2 terms of VH are electronically excited, as discussed in the text. All other 
transitions listed in Table 4 are from ground states 
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TABLE 4—Continued 





Molecule 





Transition 
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Degradation 
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CN (cont.) 


125 
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See Table 2 for red CN 
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4142, 4128 
4184 
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4845 
5211 
5182 
5155 
5516 
5568 
5621 
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~ 


uo wee ewe ew 


PORN WORD = Wh 
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4365 
4371 
4737 
5097 
5129 
5165 
5501 
5540 
5585 
5635 
(5470) 





A’S<—X3II 





?—X3II 
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RRO) MR Rw ORF MOF DD 


7054, 7088, 7125 
7197 
7672 





Rol oro 
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5598 
5629 
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4955 
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5007 f 
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4974 
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Atl 
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=) WONKO 


6920, 7035 
6903 





B*y<— 2 


S 


6382, 6389 





T<—1Z 


—) 


4246, 4332 





A?II<—X? 


6036 





B2—X?E 


4858 





B*I—* 


Ye 


= 
mSolO|oO|olo 


mol oOo 
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4842 
4866 





C3II<—X3I1 
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4640 








A%><—X41 
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6345, 6473 
(6508) 





t Heads of MgO at d 5007, \ 4997, and \ 4986 are masked. 
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TABLE 4—Continued 









































Molecule Transition Degradation| vo’, v”’ Py 
b> pean FL 2 R 0,0 4817 
5 (4842) 
21> R | 0,0 5972, 6132 

| 1 6148 
) oS) re AtII— V | 0,0 3594 
1,0 (3503) 

A? er Atle R deena This red system masked 
CI a See 








Near the solar limb, OH, CH, SrF, and possibly some other compounds appear in 
greater strength than at the center of the disk, indicating that the effective level of ab- 
sorption is fairly high. In their study of the chromospheric spectrum, W. S. Adams and 
Miss Burwell” noted that near \ 5000. the limb spectrum has a peculiar appearance, 
quite different from that of the normal disk. My spectrograms show the same effect and 
suggest the emergence of molecular absorption as the cause. 

Instead of being restricted to zero, as Russell supposed, the excitation potential in 
Table 1 ranges well above 1 volt for abundant molecules, as a result of the appreciable 
population of higher vibrational levels in the ground state. The vibrational transitions 
now recognized include marked changes in the quantum number instead of being always 
0 or +1. 

Absorption from the electronically excited states, 'A and '2, of the abundant mole- 
cule, NH, appears plausible because their excitation potentials are comparable with 
others in Table 1 and also because combinations of these two terms with the ground 
state are forbidden. This last circumstance must operate, as in the case of metastable 
atomic terms, to increase the population of 'A and '. 

Magnesium hydride, MgH, has an excited level, *II, E.P. ~ 2.4 volts, from which ab- 
sorption would be possible; in fact, weak absorption in the disk at \ 4372, notably 
strengthened in spots, may correspond to one of the only two strong heads known to 
be associated with this term. The other head is confused with a strong atomic line, \ 4405. 
Since for sunspots calculation gives a value of log S = 0.4 for MgH in this state of excita- 
tion and since other molecules recognized in spots have similar computed abundance, the 
absorption at \ 4372 is probably valid evidence of a transition from a level well above the 
ground state. 

Molecular oxygen, Oz, has a 'A state with E.P. < 1 volt, but no system of absorption 
bands is known to arise from this term. 

Among other investigations of molecular abundance in the sun, only the work of 
F. E. Roach” will be mentioned here. Assuming equal absolute intensity factors for five 
molecu'es, he obtained their abundance in the reversing layer from equivalent widths of 
resolved lines. His values of log S are, on the average, greater by 4.0 than those given 
here in Table 1; since our scale is in arbitrary units, this discrepancy is less disturbing 
than the fact that the differences range from 1.9 to 5.5. 

Much further work remains to be done, both in cataloging the features of solar spectra 
that appear to be due to molecular absorption and in interpreting such data in terms of 
laboratory experience—a task in which more observation of absorption bands in the labo- 


21 Mt. W. Contr., No. 95; Ap. J., 41, 116, 1915. 
2 4p. J., 89, 99, 1939. 








166 HAROLD D. BABCOCK 


TABLE 5 


SOME PECULIAR SUNSPOT LINES 


| | 
Spot | Disk | 
| | 
ALA. Int. | R.R.XA Int | Atlasa* | Int. | 
| 
6007.00..........1 =<2 > | eos ae” eS a ES pe | 
ne. 24. ow. Pht Ae. |e eR et SA Re SIL 
6020.63........ 0) 66 ~3 Pee ap Lee ae | 
ES ee oe tr 2A1 TE: Cee DS ent ak OS | 
See -j | 21 ax 0.20 | —3 | 
ae ik vot toe oa fea tee ee: 
as asf 34 i eS See tees 
2 ae “Bh PPE SE: SEP Ew | RCO: 
6040:92..........| Bite: tos. hy STUB g SBE 4 BM Pe, 
a | welll ToBis ash Soi tai.. deebat Be des Jade bs AG) tee 
ae. “4, Siete Sarna We epetice-s I IEr Ly opie 
6049.80......... —2 80 we te eyes) 
6053.48..... (er ~~ 48 3 48 | aopit tl 
+ ae —1 Ps Es ser set dhs eee ene ee: SB necel Miai 
eae... = See Keertcry | 00 | ion 
$066 6505!) ody: 0 phepte 208-939. Ot PSL EPO ait 
ES rr an hd ae 00 | iB 
ie iaata | 0 ¥ ee Sieh oh) One Tac 
COS . 0 15 —2d? 13 —3 
6079.86......... O~ UES ee ee. eed heeled cotiady 


6087.85......... al 84 ON | 83 ON 


ee... a a 28 —3N | 28 Cs a 
6091.50......... if 51 mp tikes 16 Adee Yiaht. a: 
a ee ee ee PO eee ene ee See aes eee 
GO9S,09. ks .n-.. Pa ee? CORY Seen SESS 
6100.48.......... 6 pape ahi ep PEIN YUH) AL) 5 
6904-01. in oh ese —2 Oe 4 Fo Suk 2 eS BUS; 
oS eae 0 47 —3d? | 50. | el 
sae. of a 0 - hy ec a 3 
ees f ns! i, 3. ae 4, 2. ee ee eeee.. 

| 
OE | er ee o% if 75 —IN 73 es 
) ae 0 | 70 —3d? oa 3 
re 0 | 0.82 BS Gey (er peat ai ie 
ee, 2) Lae | et ee peat? fon eee ees Bethe .\o 
G840.08. Soo) 20.. J rat yaaa) TEES, BOE LS! 

| | 


6146.84 CS 33 ee ie asks | 085 | 3 


* Minnaert, Mulders, and Houtgast, Photometric Atlas of the Solar Spectrum, Amsterdam, 1940. 


REMARKS 


Atm? in R.R. 
Disk line probably not 
related to spot line 


Disk line not related 
to spot line 
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ratory would help materially. In the meantime, perhaps the results collected here will 
lend added weight to conclusions derived from the theory of dissociative equilibrium 
and at the same time emphasize the importance of physical criteria in the interpretation 
of molecular phenomena in the sun and other stars. 


It is a pleasure to express my thanks to Dr. P. Swings for many instructive conversa- 
tions and to Mrs. H. A. Coffeen for assistance in some phases of the work. 


NOTE ADDED IN PROOF 


Through the kindness of Dr. Swings I have learned of a paper by B. Rosen, to appear in the 
Physical Review, in which the analysis of the A4/O bands is revised. As a result, the identification 
of AlO in the sun is open to question. Swings has also called attention to Dufay’s identification 
in the solar disk of the 1, 1 band of the ?2=II system of CH. This work probably appeared in 
Comptes rendus about 1940 or 1941, but the reference is not available. A review appeared in 
Bulletin No. 3 (n.d.), published by the Committee for the Continued Distribution of Astro- 
nomical Literature. 
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ABSTRACT 


Eleven irregular variable stars have been observed whose physical characteristics seem much alike 
and yet are sufficiently different from other known classes of variables to warrant the recognition of a new 
type of variable stars whose prototype is T Tauri. The distinctive characteristics are: (1) irregular light- 
variations of about 3 mag., (2) spectral type F5—G5 with emission lines resembling the solar chromo- 
sphere, (3) low luminosity, and (4) association with dark or bright nebulosity. The stars included are 
RW Aur, UY Aur, R CrA, S CrA, RU Lup, R Mon, T Tau, RY Tau, UX Tau, UZ Tau, and XZ Tau. 
They are situated in or near the Milky Way dark clouds in the direction either of the center or of the 
anticenter of the galaxy. 

The light-curves—The total light-changes are about 3 mag., the variations being extremely irregu- 
lar as to range and time. The light-curves are not unique. 

The individual variables —The spectrographic observations of the variables are described and the 
significant features of the spectra pointed out. 

Discussion of the spectra.—The spectral types of the T Tauri stars are estimated to be between F5 
and G5, although for many of them the absorption lines generally used in classification are lacking. A 
small variation of type with phase was found for T Tau a RY Tau. Bright hydrogen has been found in 
all stars of the group, and bright Ca 1 (H and K) in all except R CrA. Most of the stars show an emission 
spectrum composed of many bright lines of low excitation. The strongest lines are those of Ca 1, H, Fe 11, 
Cat, Sr, Fe1, and 77 11. The identification and relative maximum intensities of 160 lines of the differ- 
ent stars are shown in Table 16. The intensity of the emission spectrum varies greatly from time to 
time in each star, the bright lines becoming more prominent at maximum light of the variable. 

The lines \ 4063 and \ 4132 of the a —y*F° multiplet of Fe 1 are greatly enhanced in strength in the 
stars showing strong emission spectra. This distortion is probably the result of fluorescent effects. 

The marked similarity of the bright-line spectrum of the T Tauri stars to that of the upper solar 
chromosphere is shown in Table 17. 

Absolute magnitudes and color indices.—Spectroscopic absolute magnitudes of three stars of the group, 
together with meager indirect evidence, indicate that the T Tauri stars are dwarfs of the main sequence. 
Color indices for five stars show some color excess, which is probably the result of selective absorption by 
surrounding nebulosity. 

Radial velocities —Radial-velocity measures from absorption lines are difficult when the emission 
spectrum is present. Lack of agreement in the measures of both absorption and emission spectra indi- 
cates irregular atmospheric motions. In the mean the emission lines are displaced toward the violet with 
respect to the absorption lines. 


The criteria distinguishing variable stars included in the T Tauri class are: (1) rapid 
irregular light-variations of about 3 mag.; (2) spectral type F5-G5, with emission lines 
resembling those of the solar chromosphere, particularly in the great strength of H and 
K of calcium; (3) low luminosity; (4) association with dark or bright nebulosity. Al- 
though little or nothing is known as to the cause of the light-variation, characteristics 
1-4 are probably physically interrelated and together form a distinct stellar type which 
may be readily recognized. These stars differ from other known variables, especially in 
their low luminosity and the high intensity of bright H and K in their spectra. The well- 
known variable T Tauri is one of the brightest stars of the group and may properly be 
considered as the prototype, although there are marked differences among the stars and 
no two are exactly alike. 

Eleven stars (Table 1) make up the list of variables whose characteristics are suff- 
ciently alike to entitle them to membership in this class. Heretofore, they have generally 
been classed as “irregular’’ variables, and their unpredictable light-changes indicate that 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 709. 
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they well-deserve the title. Four stars (R CrA, R Mon, T Tau, and RY Tau) are definite- 
ly involved in surrounding nebulosity (Pl. XII), and all stars of the group are situated in 
or near large areas of heavy obscuration by Milky Way clouds. In the course of this in- 
vestigation, five others (RW Aur, UY Aur, S CrA, UX Tau, and UZ Tau) were dis- 
covered! to be visual double stars, leaving only two of the group (XZ Tau and RU Lup) 
which appear to be uninvolved either with local nebulosity or with near-by companion 
stars. 

The galactic co-ordinates are in the fifth and sixth columns of Table 1. The peculiar 
distribution of these stars is evident and is shown in Figure 1. Three are in the Milky 
Way clouds near the direction of the center of the galaxy, and the others form a group 


TABLE 1 
T TAURI VARIABLES 














GALACTIC 
Sain a 6 MAGNITUDE » So 
(1900) (1900) RANGE 
l b 

BW Amex... 2... sone 5h 1m4 +30° 16’ 9.0-12.0 142° — 6° | Double 

We BPs. oS kc eae 4 45.4 +30 37 11.6-14.0 139 — 8 Double 

EB C&ta. «os. aor eae a —37 6 9.7-13.5 328 —19 Nucleus of variable 
comet-like nebula, 
NGC 6729 

iC OR... i225: Ace 18 54.4 —37 § 95-13 328 —19 Double 

BU Lun... sia 15 50.1 —37 32 9.0-11.0 307 +11 

oe 6 33.7 + 8 50 9.3-14.0 171 + 3 Nucleus of variable 
comet-like nebula, 
NGC 2261 

TS hota 4 16.2 +19 18 9.0-12.8 148 —22 Near Hind’s vari- 
able nebula, NGC 
1555, and = sur- 
rounded by a 
small shell 

Bev Bae. 0 Sk ce 4 15.6 +28 12 8.8-11.1 136 —14 Nucleus of a fan 
nebula 

50 St ne pea 4 24.2 +18 0 10.5-13.4 146 —19 Double 

U2 Paes. 2 h.iki.. 4 26.6 +25 40 9.2-<13 140 —14 Double 

MZ TAG. 6 ..6cccr wen 4 25.9 +18 1 10.4-13.5 146 —19 























about the anticenter in the opposite direction; but, unlike the distant Cepheids, they 
do not lie closely along the galactic equator as seen from the sun. The mean latitude 
(disregarding signs) is 14°. The mean median apparent magnitude of these two groups is 
practically the same, indicating equal distances from the earth if all the stars are of equal 
absolute magnitude and suffer equal amounts of obscuration. 


THE LIGHT-CURVES 


The variations in light of the T Tauri stars are so irregular and unpredictable that class- 
ification by means of their light-curves is practically impossible. Thus far, observations 
have been insufficient to determine definite sequences of light-changes which are uniquely 
characteristic of the group. The light-curves vary greatly from year to year and from 
star to star. Figure 2, showing light-curves of RW Aur by S. Enebo? and E. Zinner® in 
different years, illustrates the complicated nature of the light-variations. Other stars such 


1 A. H. Joy and G. van Biesbroeck, Pub. A.S.P., 56, 123, 1944. 
2 A.N., 175, 205, 1907. - 3A.N., 195, 456, 1913. 
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as RR Tau and certain variables in Orion have similar light-changes, yet their spectra are 
very different. The color index for several of the stars has been determined (Table 18), but 
changes in color have not yet been studied. If the fluctuations in light result from the in- 
terposition of obscuring clouds, changes in color due to scattering or selective absorption 
might be expected. 

The magnitude ranges in Table 1 are from Schneller’s Catalogue.‘ The total variation 
is large, averaging over 3 mag. The brightness of RU Lup and RY Tau at the time of 
some of the spectrographic observations was certainly a magnitude or more fainter than 
the minimum given by Schneller. 
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Fic. 1.—The galactic distribution of the T Tauri stars 
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Fic. 2.—Light-curves of RW Aur by Enebo (above) and Zinner (below) 


THE INDIVIDUAL VARIABLES 

On account of the peculiarities of the individual variables, separate descriptions of 
their behavior, characteristics, and spectra are desirable. For each star the table of ob- 
servations gives the plate number (‘“‘y”’ signifies 60-inch one-prism spectrograph; “‘C,”’ 
100-inch one-prism; and “FE,” 100-inch two-prism); the date; the magnitude; the dis- 
persion (a = 35 A/mm at Hy, 6 = 75, c = 115, and d = 220, approximately); the ve- 
locities, together with the number of lines measured; and the relative prominence of the 
emission spectrum as a whole (“str’’ = strong, ‘“‘m’’ = medium, and ‘‘wk” = weak). 
The estimated magnitudes are those recorded in the observing-record book when the 
spectrograms were made and have little photometric value. They are entered in the 
table only because no other magnitudes are available. No comparison stars were used, 
and the effect of haze, moonlight, and seeing may have introduced errors of the order of 
a magnitude on nights when the observing conditions were unfavorable. 


4 Kleinere Veréff. Sternwarte Berlin-Babelsberg, No. 21, 1939. 
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PLATE XV 





PHOTOGRAPHS OF VARIABLE STARS WITH ASSOCIATED VARIABLE NEBULAI 


R Mon with NGC 2261 (upper left), 1920 January 26, photographed by E. 
Hubble; T Tau with NGC 1555 (upper right), 1940 September 30, photographed by 
W. Baade; R CrA with NGC 6729 (lower left), 1920 August 15, and (lower right), 


1941 August 17, photographed by E. Hubble. 100-inch reflector. 
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RW AuvrIGAE 050130 


In 1906, Mme Ceraski? discovered from Moscow photographs the variation in light of 
RW Aur. Many variable-star observers have followed its rapid and unpredictable fluc- 
tuations without finding any trace of regularity. Large changes in brightness may take 
place within a few days or even a few hours. The total range is 3.0 mag. (9.0- 12.0 vis.). 
The spectral class in the Henry Draper Extension Catalogue is GO. 

Ten spectrograms of RW Aur, listed in Table 2, have been obtained. One of these, 
E342, was reproduced for comparison with other variable stars in the Publications of the 
Astronomical Society of the Pacific, 54, 17, 1942. The outstanding peculiarities of the 
spectrum are well shown in this illustration. H and K of Ca II and the hydrogen lines are 
strong in emission and are distorted by broad, deep, central reversals. Numerous bright 
lines of other elements are also present, but the absorption spectrum is weak. The esti- 
mated spectral type is GS. 


TABLE 2 
OBSERVATIONS OF RW AURIGAE 






































METALLIC LINES H anv Ca 1 Lines 
PLATE DATE a DIsP Emission Absorption en Satan | Absorption 
i Mac.| ~~ vu tet (V. Comp.) | (R. Comp.) | “ 
i ot | 
No. Vel Int. No. Vel No. Vel No. Vel No. Vel 
km/sec km/sec km/sec km/sec’ km/sec 
vyeizoe.....| 1951 Oct: 14, 11:5 c Te i Wid bca oe a KT les dn oad ee | 2 +32 
E286..... 1941 Sept. 30 10 c 6 — 185 str| 7, + 52 10)! —220;1)| + 80/9 —3l1 
723841..... Nov. 2) 11.5) c 3 — 5| wk! 6 + 63/5! —161/ 1) +103| 4) +36 
|<" 5 ee Nov. 25 9.0 b/ 38 — 51) str} 9 + 11/5) —177|3)}+ 97) 5 —2 
E349..... Nov. 27; 9.5, b| 60: — 43) strj...|....... 4 —197 | 4; +109 | 3 —35 
724541..... 1087 Get, 2.32 Bl see 2h ME. thc des 5 —165 |} 3 | +159} 4 —23 
E624..... Oct. 19 9.0 b > 28 — 10'm 13) +118, 5, —115|2) +189|4 +461 
E1048... 1944 Jan. 4 9.5 c}...)....... 40% 1.183 nt Ub ie ee ee 
E1196..... Aug. 27; 11.0 cj} 37; + 39} strj...j....... 9 —108|3 +160'4) +29 
Bi229..;... Sent..25) 10.0 3¢ |. 56:\—,.99:| str}... ctivis. ent 12 | —173 7 +108 | 7 — 32 
Weighted 
wiveans.. 5-7 5. LEST IBS or) oe eee + 59!|... —166]...) +125 /.... — 5 





The red emission components of H (Ca 11) and of Hy, H6, and He are too weak to be 
seen except on the strongest exposures. The bright violet component of He falls near the 
absorption reversal of H(Ca1) and is practically obliterated; H8 appears as a strong 
double emission line on all plates; Ha is a single bright line on plates E349 and E624, but 
the D(N<a 1) lines show only in absorption; He 1 is present on some of the plates but is too 
weak for reliable measurement. 

Both absorption and emission lines of RW Aur lack the sharpness necessary for good 
measurement of radial velocity, and the accordance of the results both for individual lines 
and for the plate means leaves much to be desired. The discrepancies, however, are much 
greater than can be attributed to errors of measurement alone. A large part of the diff- 
culty is probably due to the presence of the absorption reversals, which lie somewhat to 
the red of the centers of the stronger emission lines. These absorption components are 
especially strong in H and K (Cam) and the hydrogen lines, but they are also present 
with varying intensity on the red side of many other lines. 


5 A.N., 170, 339, 1906. 
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The dark lines obviously originate in a stratum lying above that region of the stellar 
atmosphere in which the emission lines are formed. Variations in the intensities or posi- 
tions of the dark lines tend to shift the bright components. Examples of the varying in- 
tensities of the emission components resulting from relative shift of the superposed ab- 
sorption line may be found in H8. The ratios of the intensities of the violet to the red 
components on the spectrograms listed in Table 2 are, in order, 3 to 1, 4 to 4, 2 to 1, 
3 to 1, 4 to 3, 4 to 4, 4 to 2, 3 to 2, 5 to 5, and 4 to 4. The decrement of the violet com- 
ponent from H8 to H6 is gradual, but the increasing width of the absorption line causes 
a steep decrement of the red component. 

The conditions in the atmosphere seem far from stable, and no simple correlation of 
motion with light-variation can be drawn from the observations. A comparison of the 
mean velocity deduced from the few measurable low-level absorption lines with that 
from Ca u and hydrogen indicates that the upper layer is expanding with reference to 
the lower. The velocities from the bright lines are not readily comparable because of the 
interference of the absorption reversals. 

The variable star RW Aur has an 11.5-mag. visual companion (d = 172; p = 254°). 
A spectrogram of the companion was obtained on January 4, 1944, but on account of the 
proximity of the principal star its interpretation is uncertain. Additional observations 
are needed before its spectrum can be described with confidence. No strong bright lines 
are present, but in the region of HB some emission is suspected. 

Although obscured areas may be found near by, the sky in the immediate vicinity of 
RW Aur seems practically free from absorbing clouds. 


UY AurIGAE 044530 


The variation of UY Aur was discovered in 1913 as a result of studies of Moscow 
photographs by Mme Ceraski.® Later observers have reported rapid irregular changes 
in brightness within intervals of a few days. The photographic-magnitude range is from 
11.6 to 14.0. The spectrum was first observed’ at Mount Wilson in 1932 and found to be 
like that of T Tau except that the lines of enhanced iron were comparatively weak at 
that time. 

Ten spectrograms of UY Aur (Table 3) have been obtained. The spectrum is out- 
standing in the T Tauri group for strength of the bright lines of hydrogen and helium. 
On plate E619, Ha is extremely strong, and on most of the spectrograms \ 4026 and 
\ 4471 of Het are well marked. The line \ 4685 of He 11 was measured on one plate; 
D, and De of Na1 are fairly strong in absorption, but emission is weak or absent; Ds 
(5875 He 1) is probably present in emission. The extraordinary strength of the hydrogen 
series may result from the combined emission of both stars of the visual pair. 

Considerable variation in the intensities of the emission lines of the metallic elements 
is indicated in the seventh column of Table 3. The hydrogen, calcium, and helium lines 
are not greatly affected by these changes and maintain about the same intensity at all 
phases. On plate E606 seven hydrogen lines were measured to the violet of H¢. As in the 
other stars of the group, the metallic emission lines are stronger and more numerous 
when the star is brighter. The absorption spectrum of UY Aur is poor; the lines are few 
and diffuse; the spectral type is not far from G5; and the absolute magnitude is that of 
the main sequence, \ 4435 and \ 4454 being well marked. Titanium oxide bands are 
suspected on some of the plates, but they may originate in the companion star. 

On September 30, 1941, a twelfth-magnitude visual companion was discovered 
(d = 0°8; p = 212°). The spectrogram of UY Aur obtained at that time indicated that 
some of the bright lines were displaced slightly along the length of the lines as if they 
had their origin in the companion star. This appearance is also present on several other 
plates with more or less certainty, depending upon the seeing and the accuracy of guid- 


6 A.N., 193, 439, 1913. 7A.H. Joy, Pub. A.S.P., 44, 385, 1932. 
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ing. On account of the proximity of the two stars, it has not thus far been possible to re- 
solve the images sufficiently to separate the two spectra entirely. Further observations 
are needed before an adequate description of the two stars can be given. 


R CoRONAE AUSTRALIS 185537 


The variable star, R CrA (CD—37°13027, mag. 9.7), is situated in the nucleus, near 
the preceding edge of the variable nebula, NGC 6729. The nebula is about 1.5 minutes 
of arc in length and extends beyond the neighboring star T CrA. Variation of both star 
and nebula was found by J. F. J. Schmidt in Athens and later confirmed photographical- 
ly by R. Innes* and H. Knox-Shaw.® The remarkable changes in the form and appear- 


TABLE 3 
OBSERVATIONS OF UY AURIGAE 
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| | 








ance of the nebula are shown in Plate XV, but the relationship between the variations of 
star and nebula has not yet been satisfactorily determined. The nebula so enshrouds the 
star that, except with the lowest magnification, the object resembles the head of a comet 
rather than a stellar point and measures of the brightness of the variable are affected by 
the adjacent nebulosity. The extreme range in the brightness of the star as recorded by 
various observers is nearly 4 mag. The Harvard plates " indicate rapid irregular changes 
of about 2 mag. within a few days, superposed on slower changes over several years. 

The spectrum was photographed in 1917 by V. M. Slipher," who suspected that it was 
like that of R Mon. Observations by E. Hubble” in 1920-21 showed “bright unsym- 
metrically reversed hydrogen and enhanced iron lines on an absorption spectrum that is 
approximately G-type but which has contradictory characteristics” and led to the con- 
clusion that “the spectrum resembles that of T Tauri except that it has no bright H and 
| ie 

8 Union Obs. Circ., No. 36, p. 282, 1916. 

° Bull. Helwan Obs., 1, 141, 1920. 

10S. Gaposchkin, Harvard Ann., 105, 514, 1937. 

" Bull. Lowell Obs., 3, 66, 1918. 

12 Mt. W. Contr., No. 241; Ap. J., 56, 181, 1922. 
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All the Mount Wilson spectrographic observations are included in Table 4. 

The emission lines are not sharp, and few absorption lines can be distinguished with 
the dispersion used. On no plate are H and K definitely present in emission; but the ex- 
posures in that region are not adequate to make it certain that the lines are absent, al- 
though they are evidently weaker than in any other star of the group. This may be a 
sufficient reason for excluding R CrA; on the other hand, its connection with the variable 
nebula, its location in a dark lane, and its spectrum, in general, make it probable that it is 
related in some way to the T Tauri variables. The line 8 is fairly strong in emission, and 
the decrement of the hydrogen series toward the violet is rapid. As in the spectrum of 
RW Aur, the 1920-1921 plates show a strong absorption reversal in the normal position 
dividing the emission of H8 unsymmetrically, the violet component being the stronger. 
Later plates are quite different in this respect. On D1213 and E474 the absorption is 
weak or absent, and the emission is in the normal position. On plates C7509 and E539 
the emission at HB is weak, and H7 is an absorption line about as Strong as in an early F 
star with no emission showing. The bright Fe m lines vary in intensity. They are best 


























TABLE 4 
OBSERVATIONS OF R CORONAE AUSTRALIS 
Pepe ap eaaite Saat: aS gait Ses | 
| | ABSORPTION 
| Vis | Emission LINES LINES 
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7509.....| 1940 June 26 | 12.5 | F5 “aes PPAR oT Pe iets RE aS. 
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seen on plates C1099, June 28, 1921, and E474, June 3, 1942. Helium is not present, and 
no other chromospheric lines are recognized on our plates, but further observation at 
other times might be more favorable for their appearance. On plate E539, August 3, 1942, 
the bright lines are very weak; even #78 is hardly visible. The absorption components of 
hydrogen are present, however, in considerable strength. The spectrum on this plate 
somewhat resembles that of T CrA. Other than the lines of hydrogen, few absorption 
lines can be distinguished in the spectrum of R CrA. 

Partly because of the strong hydrogen absorption lines, Hy and H6, the spectral type 
of R CrA appears to be earlier than that of R Mon and might be estimated as F5. The 
spectroscopic absolute magnitude cannot be determined on account of the absence of 
absorption lines. Since it is embedded in nebulous matter, the apparent magnitude of the 
star may be considerably diminished. 

The spectral type of T CrA, which lies in the direction of the tail of the cometary 
nebula, 5 seconds of time following and 0.8 minutes of arc south of R CrA, is FO. Three 
spectrograms taken at minimum light show no bright lines or abnormal spectrographic 
features. On the other hand, S CrA, 12.5 minutes of arc distant in the same lane of dark 
nebulosity as R CrA, is one of the most advanced of the T Tauri stars. 


S CoRONAE AUSTRALIS 185437 


The variability of S CrA, which is 43 seconds of time preceding and 0.3 minutes of arc 
south of R CrA, was discovered by J. F. J. Schmidt in Athens in 1866. He followed its 
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light-changes for nearly twenty years but was unable to find any regularity in its be- 
havior. Suspected periods were of the order of 6 days. 

Since 1925 the star has been observed by members of the American Association of 
Variable Star Observers, and magnitude estimates have been published yearly in Harvard 
Circulars. The variation has usually been between 11.5 and 12.5 mag., but in 1933 and 
1941 estimates brighter than 11.0 mag. were reported. 

Six spectrograms of S CrA (Table 5) were obtained at Mount Wilson in the years 
1941-1944. The first spectrogram, which was obtained when the star was one or more 
magnitudes brighter than at the dates of later exposures, shows a rich emission spectrum 
characteristic of the T Tauri class. The bright lines of Ca 11, Fe 1, Sr 11, and Ca 1 are nearly 
as well shown as in RU Lup. These lines are much reduced in intensity on later plates. 
The strong lines of Ca 11 (H and K) and hydrogen remain practically unchanged. Weak 
absorption reversals, which are not readily measurable, are superposed upon the strong 
emission; He 1 (\ 4026 and A 4471) and He 11 (A 4685) are stronger than in any other star 






































TABLE 5 
OBSERVATIONS OF S CORONAE AUSTRALIS 
Emission Lines 
PLATE DATE Vis. Mac. Disp. 
No. Vel. Int. 
km/sec 
[oc y aha alti aes re Boe 1941 Oct. 1 $3..4° c 50 —24 str 
SIEM acre vata teense 1942 July 4 12.5 c 21 —39 m 
La NNO ap Sn er Aug. 31 13 c 7 —39 wk 
ND, esc? 1943 June 21 13 c 26 —27 wk 
Es on a> tees eisai July 11 12:3 c 9 —19 wk 
jt) eae a ee 1944 June 28 12 c 25 —56 m 
Weighted enn. 1) 26s wav acs ses ts | Sirs soa Beets | PS re st, CES NE er Se WE aa geen es 














* A.A.V.S.O. estimate. 


of the group. None of the observations cover the red portion of the spectrum. No ab- 
sorption lines are visible, and estimates of spectral type and spectroscopic absolute mag- 
nitude are impossible. 

A companion of S CrA of magnitude 13.5 was observed on July 4, 1942.(d = 1”; 
pb = 135°-140°). On account of its faintness it probably has little effect on the spectrum 
of the brighter star. 


RU Lupt 155037 


The variation in brightness of this star (HD 142560, CoD—37°10602) was detected 
by Miss J. C. Mackie'* on Harvard photographs after Miss Cannon" had noted bright 
lines of hydrogen and calcium in its spectrum. The survey plates show irregular changes 
in brightness from 1893 to 1912 with a magnitude range from 9 to 11. Probably on 
account of its southern declination, it has been neglected by variable-star observers for 
nearly thirty years. No further observations are recorded until 1940, when P. W. Mer- 
rill’ photographed its spectrum and called attention to the presence of strong emission of 
Fett and 7i 11, as well as of H and Cat. He also found weak lines corresponding to 
Fe1, Mg u, Crt, and Sc 1. The appearance of bright lines of Fe I and strong H and K 
of Ca 11 indicated at once that the spectrum was related to that of T Tauri. Dr. Merrill 


‘3 Harvard Circ., No. 196, 1916. 
14 Harvard Circ., No. 201; A.N., 207, 215, 1918. 18 Pub. A.S.P., 53, 342, 1941. 
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has been kind enough to place at my disposal two spectrograms of RU Lup, together 
with his line identifications and velocity measures for discussion in this paper. 

Ten additional spectrograms, listed in Table 6, were obtained at the 100-inch tele- 
scope. The magnitude estimates may be influenced by atmospheric absorption, since the 
minimum zenith distance of RU Lup at Mount Wilson is 72°. The star was certainly 
much fainter in March and April, 1942, than at the other dates of observation. 

With the dispersion used, no absorption lines can be distinguished, although the dis- 
tribution of light in the continuous spectrum suggests a temperature lower than GO. No 
titanium oxide bands are present. The lack of absorption lines may be accounted for, in 
part, by the great number of emission lines of neutral, as well as ionized, atoms. Probably 
many lines having insufficient emission to show above the continuous spectrum have 
enough radiation to fill up the absorption in the lines. On one plate, E878, however, a 
faint central absorption line appears within the emission of both H and K. 


TABLE 6 
OBSERVATIONS OF RU LUPI 
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PLATE DATE _ | Disp. eee ee OBSERVER 
} No. | Vel. Int. | 
| | | | km/sec 
C7S35.....:.1 9940 Jaly 2 11 i. | —22.5 m P. W. Merrill 
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The bright lines of RU Lup as well as of other stars of the T Tauri group are much 
wider than those of the Me variables or of stars like Z And, and the accuracy of measure- 
ment is correspondingly decreased. The apparent width of H and Ca 11 lines is about 
4.5 A. Lines of other elements are, perhaps, one-half as wide, but none can be called 
sharp. 

of the spectral region AA 3900-6500, 120 emission lines have been measured and iden- 
tified. The 15 elements represented, together with the number of lines, are shown in 
Table 7 in order of their line intensities. Many other blended lines are probably present 
in RU Lup, but they are not resolved on account of the width of the lines and the low dis- 
persion. This list, however, will be sufficient to give a general idea of the characteristics 
of the emission spectrum of the T Tauri stars. The metallic lines were greatly weakened 
in March and April, 1942, when the light of the star diminished. 

The radial velocities (Table 6) from the emission lines were practically constant dur- 
ing the period of observation. The weighted mean velocity is —6.4 km/sec. Likewise, the 
range in velocity among the different elements is small, as indicated by Table 8, in which 
the elements are arranged in order of atomic weight. For most of the elements the agree- 
ment of the individual lines is satisfactory, but for Ca 11 the measures indicate a dis- 
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crepancy of 36 km/sec between H and K. The effect is systematic and is seen on all 
plates measured, K being displaced 21 km/sec toward the red and H 15 km/sec toward 
the violet with reference to the mean of all lines. Both lines appear to be quite symmetri- 
cal. The faint emission of He would have little influence on the position of H, but it is 
possible that absorption in the hydrogen line might decrease the intensity of H on the 
red edge and tend to shift the line toward the violet. No explanation for the displace- 
ment of K, however, seems evident. 

RU Lup is located in one of the dark lanes of the southern Milky Way but is not known 
to have any companion or to be enveloped in local nebulosity. 


R Monocerotis 063308 


The variable star R Mon (BD+8°1427) is the nucleus of the comet-shaped variable 
nebula, NGC 2261. Its light-changes were detected by J. F. J. Schmidt" in Athens in 


TABLE 7 
ELEMENTS REPRESENTED IN RU LUPI 
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1861, and later observations indicated that the variations were irregular, with a range of 
at least 4 mag. It is difficult to make precise estimates of brightness on account of the 
surrounding nebulosity. With high magnification the star resembles the nucleus of a 
comet near the sun. 

From direct photographs taken with the 24-inch reflector of the Yerkes Observatory, 
E. Hubble!’ in 1916 discovered that marked changes in the outline of the nebula oc- 
curred within a period of a few months. In size and general form it is similar to NGC 
6729, except that the outer parts of NGC 2261 are longer, extending to a distance of 2.5 
minutes of arc. 

The spectrum of the star and that of the nebula were photographed by V. M. Slipher'® 
at the Lowell Observatory in 1917 and found to be identical, indicating that the light of 
the nebula is reflected radiation from the star. He suggested that the emission spectrum 
resembled that of Nova Aurigae. The lines that can be identified from his measures are 
those of H, 7i 11, and Fe 11, which do not necessarily pertain to novae, although, soon 


16 4.N., 55, 91, 1861. 
17 Proc. Nat. Acad., 2, 230, 1916; Ap. J., 44, 190, 1916, and 45, 351, 1917. 
18 OD. cst., p. 63. 
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after maximum, bright lines of ionized metals are prominent in most novae and at mini- 
mum they may appear in such stars as RS Oph.!* The high-excitation features charac- 
teristic of the spectra of novae are entirely lacking in R Mon. On the other hand, the 
Mount Wilson spectra of R Mon and probably the Lowell spectrum, as well, corre- 
spond closely with the spectra of the T Tauri variables. The bright hydrogen lines are 
accompanied by moderately strong dark lines on the violet side as in T Tau, and the 
decrement of the series toward the violet is steep. The H and K lines are present in emis- 
sion but are not nearly so strong as in T Tau. Helium and the nebular lines are definitely 
lacking. The normal absorption spectrum is extremely weak. 

By attributing the formation of cometary nebulae to the action of radiation pressure 
from the star upon the surrounding material particles, R. Minkowski” finds that the 
radiation of dwarf stars is insufficient to produce nebular forms such as NGC 2261 or 
NGC 6729 from surrounding material and concludes that if the spectrum is G-type, as 
appears from the distribution of light in its spectrum and from analogy with other stars of 


TABLE 9 
OBSERVATIONS OF R MONOCEROTIS 
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the group, the stars must be giants with absolute magnitudes of +0.7 or brighter. Since 
the absorption lines are pourly shown in the spectra, the spectroscopic absolute mag- 
nitudes cannot be well determined. A. van Maanen”! estimates the trigonometric paral- 
lax of R Mon to be smaller than 07005, which, without allowance for obscuration, would 
indicate an absolute magnitude brighter than +2.8 at maximum and +7.5 at minimum. 

The Mount Wilson spectrographic observations of R Mon are listed in Table 9. Plates 
D1158 and D1159, taken with the 3-inch camera, are excellent, but the dispersion is too 
low to allow accurate measurement. On plate E319 the stronger chromospheric lines are 
well represented, and the resemblance of the emission spectrum to that of T Tau is beyond 
question. 

The K line is three or four times as strong as H, and both are considerably weaker than 
in any of the other stars of the group except R CrA and UX Tau. None of the observa- 
tions, however, were made at maximum light. 

Although R Mon is deeply imbedded in nebulosity, its spectrum shows no marked 
effect of selective absorption, as far as can be estimated by visual inspection of the distri- 
bution of the continuous spectrum. 

T Tavurr 041619 | 

The variable T Tau (BD+19°706) has been chosen as the typical star of this group 

of peculiar variable stars because it is the best known, is among the brightest, and rep- 


19 Adams, Joy, and Humason, Pub. A.S.P., 39, 366, 1927. 
20 Pub. A.S.P., 54, 190, 1942. 21 Mt. W. Contr., No. 237, 1922. 
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resents the group with respect to both emission and absorption spectra. It has an ex- 
tended history, its variation in light having been discovered by Hind in 1852. It is 2.3 
seconds of time following, 37 seconds of arc north of, the faint irregular patch of nebulosity 
well known as Hind’s variable nebula (NGC 1555). The star itself is surrounded by 
faint variable shell, 4’’ in diameter, observed by S. W. Burnham” in 1890 and by H. D. 
Curtis** in 1899. On Dr. Baade’s remarkable photograph of T Tau, reproduced on Plate 
XV, this shell appears as a semicircular protuberance between the two diffraction rays 
on the right-hand side. 


TABLE 10 
OBSERVATIONS OF T TAURI 
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iG, &...) 1915 Jan. 12 | 11 G5 d BS BR. A ee eee F. G. Pease 
7y4479...... Rov. toy) 2.2. GS| b | 2} + 0.7) wk | 7 | + 3.9 | W.S. Adams 
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723821...... 1941 Oct. 12 | 9.0 G8; c.| 4} +15.0| wk | 5} — 8.9 
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G1838...... Sept.12| 9 |...../ eer dew. cavil erocael Gs 1.98 
1237 6:3 n00s 1944 Sept. 27 | 11.0; G8| c 33 | +25.8| m | 10 | +41.4 
Weighted | | fe 
EL, Gee ern Mae Peat s Sa eta, CPR ea. ot Re eee +24.6 





The brightness of T Tau changes erratically from magnitude 9.0 to magnitude 12.8. 
It may vary rather quickly in the course of a few weeks, or the fluctuations may be de- 
layed for months. In the last three years the brightness, at the time of observation, has 
remained near maximum. 

The spectrograms show emission and absorption lines, both of which lack the sharp- 
ness needed for accurate measurement. The spectral type is about G5, and the spectro- 
scopic absolute magnitude based on the Mount Wilson system of 1935 is +5.0. 

The Mount Wilson observations are collected in Table 10. I am greatly indebted to 
Dr. W. S. Adams and Dr. R. F. Sanford for the use of their plates and measures in this 
study. The first known slit-spectrogram of T Tau was obtained in 1915 by F. G. Pease, 
and many of the interesting features of the spectrum were described by Adams and 


2 M.N., 51, 94, 1890. 23 Pub. A.S.P., 27, 242, 1915. 
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Pease.‘ On account of the low dispersion used, the published radial velocity and some of 
the identifications of lines have little weight. Fifteen emission lines were measured, H 
and K being the most intense. The Fe1 lines, \ 4063 (probably blended with \ 4068 
|S 11] ) and \ 4132, which they did not identify, are stronger than the lines of Fe 1. Lines 
of 77 11 are too weak for measurement. The metallic lines are extremely weak on the 
second plate taken ten months later, and only a few lines of Fe 11 were measured in addi- 
tion to those of H and Cau. Dr. Sanford’s low-dispersion spectrogram of 1918 is very 
similar to that of 1915. 

Higher dispersion was used for C121 than for any other plate of this series, but un- 
fortunately it was obtained at a time when the emission lines were comparatively weak. 
Sanford® measured 11 bright and 35 absorption lines, which he estimated to be 3-4 A in 
width. The metallic bright lines measured were without exception the strongest lines of 
Fe tl. 

The region of the D lines is well shown on G1554. Sodium is doubtless present in 
emission in T Tau, although the strength of the lines is not much greater than that of 
the adjacent continuous background. Bright D; and D: show, according to Dr. Sanford’s 
measures, approximately normal velocities, but they are accompanied by strong ab- 
sorption, which is displaced 165 km/sec to the violet, as compared with the mean of the 
bright lines. Similar violet displacements of absorption adjacent to the strong emission 
lines of hydrogen and Ca 11 (H and K) appear on plates showing the violet regions of the 
spectrum. On G1554, the bright lines of Fe 11 are distinctly weak, and the hydrogen lines 
HB and Ha, only moderately strong as compared with the continuous spectrum. 

The infrared region, \\ 6400-8700, of the spectrum is shown on plate G1838. Al- 
though the spectrogram is underexposed, it shows that the 37D — 4’P° triplet of Ca 11 
(AX 8498, 8542, 8662) cannot be present in any great strength either in emission or in 
absorption. 

In general, the Ca 11 (H and K) emission lines of T Tau appear with an intensity un- 
surpassed by any star of the group; the hydrogen lines are strong, Hy being only slightly 
fainter than H (Ca 11), but the metallic lines are weaker than those of most of the other 
stars of the group. The metallic bright lines are not prominent features of the spectrum 
of T Tau on most of our spectrograms. 

Although the absorption lines are wide, they are not greatly affected by the emission 
spectrum, and measures of radial velocity based on a considerable number of lines should 
give reliable results. The mean velocities of the emission and absorption lines agree close- 
ly, but the range in both is more than can reasonably be attributed to errors of measure- 
ment. The scatter among the mean velocities of the various elements is comparatively 
small and probably is not significant. 


RY Tauri 041528 


The variation in brightness of RY Tau (BD+28°645; 9.1 mag.) was discovered from 
Harvard photographs by Miss Leavitt* in 1907. The range was estimated to be 1 mag. 
with slow and irregular changes. Few photometric observations have been reported since 
its discovery. 

The star RY Tau is at the head of a faint fan-shaped nebula about 7 minutes of arc in 
length, which spreads out in two tails toward the dark nebula, Barnard 214. The close 
connection between the star and the bright nebula is apparent from photographs by E. 
E. Barnard?’ and by O.C. Collins.?* The image of the star at the telescope appears stel- 
lar because of the faintness of the nebulosity. 


*4 Pub. A.S.P., 27, 132, 1915. 
% Pub. A.S.P., 32, 59, 1920. 27 Atlas of the Milky Way, P|. 5, 1927. 


% Harvard Circ., No. 130, 1907. 28 Ap. J., 86, 543, 1937. 
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The Mount Wilson observations and velocities are listed in Table 11. The first three 
spectrograms were obtained by E. Hubble, who estimated the spectral type to be 
F8+.” These plates are, unfortunately, not suitable for radial-velocity determinations. 
Later spectrograms show some evidence of variation in type between F8 and G2. The 
absorption lines are only slightly widened and should give good measures of radial veloc- 
ity and spectroscopic absolute magnitude. 

The four lower members of the hydrogen series and the calcium lines H and K are the 
only emission lines found in RY Tau. As indicated in the eighth column of Table 11, the 
strength of the bright H and K lines varies considerably. They appear in emission on all 
fully exposed plates but are especially strong on plate E272, where they are about 5 A 
in width and K is much stronger than H. On plates E560 and E1273, H and K are divided 


TABLE 11 
OBSERVATIONS OF RY TAURI 
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| Can | ABSORPTION 
Est. | Emission Lines | Lines 
PLATE DATE ~* | Spec. | Disp. | OBSERVER 
Mac. | 
| ‘ | No. | Vel. Int. | No Vel. 
| km/sec km/sec 
Ct... 1900 Aug, 71)... ..|....- £2 ote ae BRS boy cette E. Hubble 
OM. .... 1921 Mar. 9/} 9.6} GO | b |..... Bi eicians | he Pe EP See E. Hubble 
aa 1923 Nov. 11 | 11.0} GO | b |..... Peers es peso. mh Oe E. Hubble 
21100.....| 1936 Dec. 5/10 | F8 | b |..... ee [wk | 12 | +425 
E272; ;... | 1941 Sept.28 | 10 | G2 ian ee ae 0 | str | 13 +32 
723840... ..| PS a BS ae i ee bee wk | 6 | +423 
co ae Dec. 4| 9 | G2 | ¢ |..... Llrastel |wk | 10 | +32 
E407..... 1942 Feb. 22/10 |...... “ee! Oe: Rees | 6 | +18 
560..... Aug. 31| 8.8; GO | b | 2 | +15] str | 15 | +432 
oH... Oct. 18| 9 | F8 | c | 2 | — 20} str | 13 | +26 
24669... Nov. 13] 8.8] F8 | b |.....)........ | m | 14 | +422 
1273.....| 044 } 5 | | j= 186 | a | 
E127 } 1944 Nov 7 %5/ G.| > 2 |ipaa|™m™ | 14 | +24 
Weighted | | | | by ay 
WI CA. 5 snip ie cameatlics reer rs eee oa — 8}..... ae dasa a 
| | | 











by deep absorption. The violet component of K has about twice the intensity of the red 
component, but the strong absorption of He greatly weakens the red component of H. 
The violet emission components of Hy and Hé appear as faint bright edges of the wide 
absorption lines. On the red-sensitive plate E621, Ha is a strong bright line and H@ is 
faintly visible. 

The radial velocities from the absorption lines show little or no variation. Measure- 
ments of bright H and K are uncertain on account of the width of these lines and of in- 
sufficient exposure on some plates. 

UX Taurr 042418 


The variability of UX Tau (BD+17°736; 9.5 mag.) was discovered from Harvard 
photographs by Miss H. Locke in 1917.*° Photographic observations by P. P. Parena- 
go,*' H. Rugemer,® and M. Esch** indicate that the light-changes are rapid and con- 

29 Mt. W. Contr., No. 241; Ap. J., 56, 182, 1922. 

3° Harvard Circ., No. 201, 1918. 

31 Nishni-N ovgorod, Verdnderliche Sterne, 4, 154, 1933. 

2 4 .N., 255, 180, 1935. 33 Valkenburg Obs. Veriff., No. 7, p. 13, 1937. 
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tinuous. Periods of a few days were, at first, suggested but have not been confirmed by 
later observers. The extreme photographic range was found to be nearly 3 mag., from 
10.5 to 13.4 mag. The spectral type was estimated as GS by Miss Cannon.** 

Eight spectrograms of UX Tau were obtained at Mount Wilson, as listed in Table 12. 
The star was near maximum light at the time of observation. In this star H and K are 
faintly bright on all plates sufficiently exposed in the violet region. On the red-sensitive 
plate, E622, Ha is a moderately strong emission line, and H@ is faintly bright. On the 
remaining plates of the series, H@ is present in absorption but appears to be somewhat 
weakened on E309 and E568. No other lines appear in emission in UX Tau. 

The absorption spectrum indicates that the spectral type is dGS. The range in velocity 
shown in the last column is somewhat larger than would be expected for stars of con- 
stant velocity. 

TABLE 12 
OBSERVATIONS OF UX TAURI 
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EE Ss Sept. 2 | 10.5 | G6 | c 2]. —6 13 | +9 
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UX Tau is situated in the center of a densely obscured area. A thirteenth-magnitude 
companion, 5.7 seconds of arc preceding, shows a spectrum whose type is dM2e, with 
bright hydrogen and Ca 1 (H and K), Its radial velocity agrees with the mean for the 
variable star, and they probably form a physical double. 


UZ Tauri 042625 


The variable star UZ Tau, whose light-changes were first noticed by K. Bohlin® on 
photographs taken in 1921, has been described as “‘nova-like.” Maxima brighter than 
9.5 were observed on October 4, 1921, by Bohlin and on January 6, 1924, by M. Esch.* 
P. P. Parenago*’ reported photographic magnitudes as faint as 15.0 in 1934, and K. 
Himpel** estimated the visual magnitude to be about 13.2. On 148 Harvard photographs 
from January, 1890, to November, 1900, and from September, 1913, to January, 1941,*%® 
Miss Dorrit Hoffleit found that the magnitudes generally varied irregularly from 13.5 
to 14.5 and no maximum was brighter than 11.7. 


34 Harvard Bull., No. 897, 1934. 

35 4.N. Beob.-Zirk., 3, 55 (No. 32), 1921. 

36 4.N. Beob.-Zirk., 6, 5 (No. 2), 1924. 

7 Nishni-Novgorod, Verdnderliche Sterne, 4, 228, 1934. 

38 4.N., 270, 185, 1940. 39 Pub. A.S.P., 54, 33, 1942. 
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The star UZ Tau is 53 seconds of time following and 1 minute of arc south of BD+ 
24°719, At the time of the first Mount Wilson observation,*° the star was discovered to 
be double (d = 377; p = 92°; mag. 13.0 and 13.3, vis.). Since, on the first spectrograms, 
both stars appeared to be of class dMe, the conclusion was erroneously drawn that the 
variation previously observed pertained to a dwarf M-type star with emission lines of 
hydrogen and Ca 11. Later observations*! made in October and December, 1942, revealed 
that the following star had increased in relative brightness by half a magnitude or more 
and its spectrum had so changed that it became clear that the star belonged to the T 
Tauri group, although the titanium bands remained faintly visible on most of the plates. 
Further observations are needed to determine with certainty whether two or three stars 
are involved and whether the variable star and the preceding dMe star are physical 
companions. 


TABLE 13 
OBSERVATIONS OF UZ TAURI 
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1318,........| 199) Jom: 3 Bs | -(¢ 81 3-1-4 
Weighted | | | 
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Eleven'spectrograms of UZ Tau have been obtained (Table 13). Since the position 
angle of the stars is nearly 90°, images of both fall on the slit of the spectrograph and may 
be photographed at the same exposure. On account of the faintness of the stars, observa- 
tions can be made only with low dispersion and with favorable seeing. Three plates— 
E367, E396, and E633—were made with the 3-inch Schmidt camera and, on account of 
low dispersion, were not used for radial-velocity determinations. Plate E711, which was 
sensitive to the red portion of the spectrum, is weak but shows the hydrogen Ha emission 
line in both stars, that of the variable being the fainter of the two, although the stars 
were estimated to be of equal visual brightness at the time of observation. 

Absorption lines in the spectrum of UZ Tau are weak and cannot be measured with 
certainty. The changes in the spectrum are extraordinary (Pl. XIV), varying from close 
resemblance to that of BD+20°2465 (dM3) with indistinct absorption lines (E341) toa 
spectrum with a strong continuous background upon which are superposed, at different 
times, few (E1047) or many (E720) emission lines. In general, a greater number of bright 
lines appears when the star is more luminous. However, E1047 shows distinct peculiari- 
ties. The magnitude, according to the estimate made at the time this spectrogram was 


A. H. Joy, Pub. A.S.P., 54, 33, 1942. 1 A. H. Joy, Pub. A.S.P., 55, 38, 1943. 


amg 


wee rere mere te 








184 ALFRED H. JOY 


taken, was somewhat brighter than the mean, and the titanium bands are obliterated, 
yet bright lines, other than hydrogen, H and K, Fe 11, and \ 4068 [S 1] are few and weak. 
The peculiar features of E1047 have not been detected in spectrograms of any other star 
of the group, although E677 and E726 of UY Aur are similar in certain respects. The 
He line, \ 4471, and the [S 1] pair, \ 4068 and \ 4076, are enhanced with respect to the 
Fe 11 lines; H and K are tremendously strong and of nearly equal intensity, while on 
plates having large numbers of the low-level bright lines H is considerably weaker than 
K. Although few bright lines are visible, no measurable absorption lines are present. 

Continual change seems to be characteristic of the spectrum of UZ Tau. On the other 
hand, the preceding star of the visual pair, which was the brighter of the two when the 
duplicity was first discovered, is apparently unaffected by the peculiar behavior of its 
neighbor and its spectrum shows no certain changes. The mean velocity of the Me com- 
panion determined from its emission lines is +16.0 km/sec, which is not in good agree- 
ment with —5 km/sec for the variable, as shown in Table 13. This lack of accordance 
may be due to instability in the atmosphere of the variable and to the effect of absorption 
components on the position of the emission lines. 

Measurements of proper motion and trigonometric parallax are much needed, but 
near-by comparison stars are few because of heavy obscuration. 


TABLE 14 
OBSERVATIONS OF XZ TAURI 
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XZ Tauri 042518 


The star XZ Tau follows UX Tau by 97 seconds of time in nearly the same declination. 
Its variability was discovered in 1928 by Mme G. Schajn* from an examination of 
photographs taken at Simeis in the Crimea. The photographic range was estimated to be 
from 11.3 to 13.5 mag. From the nine plates at her disposal a long period of 260 days was 
suspected. Observations by M. Esch* in the following year indicated that the variations 
were irregular and that large changes in brightness (9.5-13.2 mag.) occurred within a 
few days. H. Rugemer*‘ also found the changes in light to be irregular, with variations be- 
tween 10.4 and 13.5 mag. 

In the last four years, at times when observations could be made on Mount Wilson, 
XZ Tau was faint. The three spectrograms obtained (Table 14) indicate that it is one of 
the most remarkable members of the T Tau group. Even at minimum light, when only 
low dispersion could be employed, 105 bright lines were measured, the largest number 
measured on any single plate of the T Tauri series. Observations at maximum light 
should be most interesting if, as is usually found in stars of the group, the chromospheric 
lines are stronger and more numerous at maximum than at minimum. Spectrograms in 
the red and at maximum light will be obtained when opportunity permits. 


 4.N., 234, 41, 1928. 
43 4.N. Beob.-Zirk., 11, 10 (No. 4), 23 (No. 9), 1929. 44 4_N., 255, 180, 1935. 
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No companion star or bright nebulosity has been detected near XZ Tau, which is, 
however, in the edge of the heavy obscuring cloud which surrounds UX Tau. 


GENERAL DISCUSSION OF THE SPECTRA 


Only three of the T Tauri stars (T Tau, RY Tau, and UX Tau) have absorption spec- 
tra sufficiently well defined to permit a precise determination of the spectral type (Table 
18). For RW Aur, UY Aur, and R CrA, rough estimates may be made with the aid of 
such lines as are available. A variation of three- or four-tenths of a class was found for T 
Tau and RY Tau. The remaining stars, in which the bright-line spectrum is dominant, 
have few absorption lines; but, from the distribution of light and the general appearance 
of the spectrum, we conclude that the physical conditions correspond to those of about 
type GS. For some stars of the group, selective absorption by surrounding nebulosity 
may introduce uncertainty. Peculiar features of the spectra such as are mentioned in the 
preceding descriptions of the individual stars are often so prominent that the usual cri- 
teria of classification cannot be employed. 

As shown in Plates XII and XIII the intensity of the emission spectrum varies greatly 
from star to star. When arranged according to the increasing prominence of the emission 
spectrum, the sequence of the stars is that of Table 15. Although the observations cover 


TABLE 15 
GREATEST STRENGTH OF EMISSION SPECTRUM 
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a considerable period of time and indicate a marked change in the intensity of emission 
for each star, the maximum possible strength of the emission spectrum for an individual 
star may not, thus far, have been observed, and, therefore, the order of the arrangement 
may not be final. 

The changes occurring in the spectra of individual stars are illustrated in Plate XIV. 
The emission spectrum is usually more prominent at maximum light. 

Table 16 is a complete list of all identified bright lines arranged according to the atom- 
ic number of the elements. In the successive columns appear the laboratory wave length 
and intensity from the M.I.T. Table, the electron transitions, the low and high excitation 
potential, and the maximum relative intensity observed in each of the seven stars show- 
ing extensive bright-line spectra. The intensities are on an arbitrary scale and are in- 
tended only to give an idea of the relative strengths. An intensity of zero is assigned to 
lines too faint or indefinite for good measurement. The varying quality of the spectro- 
grams and the difference in the dispersion have made it necessary to adjust the values of 
the intensities of the lines so that they will be more or less comparable for different plates. 

In addition to H and He, 17 different metallic atoms are represented by more than 
160 lines which arise from low levels of excitation. Ironcontributes about half the total num- 
ber of lines. Both neutral and ionized atoms are represented, and a trace of the strong- 
est forbidden lines seems reasonably certain. A large number of additional lines would 
certainly be found by the use of higher dispersion and by an extension of the search to 
other spectral regions of shorter or longer wave length. 

The line \ 4068.62 [S 11] is remarkably persistent in the stars with conspicuous emis- 
sion spectra. Its changes in intensity do not appear to be correlated with the variations 
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TABLE 16 
RELATIVE INTENSITIES OF EMISSION LINES IN T TAURI STARS 
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TABLE 16—Continued 
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d 4289.72 Cri —-d 4290.23 Tiu \ 4549.47 Fe 11-d 4549.63 Ti 


of the other bright lines. At times \ 4068 remains practically undiminished when most 
of the metallic lines have disappeared. The measures support the identification with 
(S 11]. The companion line at \ 4076.22 is probably blended with \ 4077.71 Sr 1 and has 
not been separately observed. These sulphur lines arise from a low metastable level and 
are frequently found in novae and occasionally in nebulae. None of the other character- 
istic nebular lines have been observed in these stars. 


DISTORTED MULTIPLETS OF Fe I 


When the emission spectrum appears in the T Tauri stars, \ 4063 and A 4132 of 
Fei are much strengthened as compared with the other members of the multiplet 
a’F — yF° and are probably affected by some such fluorescent mechanism as that pro- 
posed for \ 4202 and A 4307 of the a°F — z°G® multiplet in Me variable stars. Under 


45 Thackeray and Merrill, Pub. A.S.P., 48, 331, 1936. 
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the most favorable conditions, \ 4063 may rival \ 4233 Fe 11 in strength. This phenome- 
non is unique in the stars of this group and does not occur in the solar chromosphere. 
The two lines \ 4063 and d 4132, together with \ 3969, arise from the same upper level 
of the atom. The latter line has not been observed in emission, possibly because its iden- 
tity is lost in the complex structure of the region between H and He. All the remaining 
members of the multiplet have been observed as bright lines of relatively low intensity in 
the T Tauri stars.“ 


COMPARISON WITH THE SOLAR CHROMOSPHERE 


The most significant characteristic of the spectra of the T Tauri stars is the low-excita- 
tion bright-line spectrum which is prominent in most of the stars at certain phases. It 
occurs with varying intensity in all the stars of the group except RY Tau and UX Tau, 


TABLE 17 


COMPARISON OF EMISSION LINES IN T TAURI STARS AND SOLAR CHROMOSPHERE 
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* Mean of four lines (Ha-H45) only. 


which may be considered as rudimentary members of the T Tauri class as far as the spec- 
trum is concerned, showing only H, K, Ha, and H8 in emission. 

This bright-line spectrum is quite different from other stellar emission spectra, but 
its resemblance to that of the solar chromosphere is sufficient to invite a detailed com- 
parison. 

The mean heights (> 1000 km) and intensities‘? of chromospheric lines between 
d 3750 and \ 6600 are arranged in Table 17 according to height. The numbers of these 
same chromospheric lines found in the T Tauri stars and their estimated mean maximum 
intensities (on quite a different scale) are shown in the last two columns of the table. A 
marked similarity between the emission spectra of the stars and that of the higher levels 
of the chromosphere is apparent. The bright lines of calcium (H and K) and of hydrogen 
are outstanding in both. In the stars, as well as in the sun, Fe1and 77 11 have the greatest 
number of lines of high intensity. The low-excitation Fe I lines are more generally rep- 
resented in emission in these stars than in any other known stellar source, and their maxi- 


46 Since this paragraph was written, George H. Herbig (Pub. A.S.P., 57, 166, 1945) has reported his 
observations of this phenomenon in the spectrum of RW Aur and attributed the enhancement of \ 4063 
and \ 4132 to populating the y*F level through the action of \ 3968.47 Ca 1 upon A 3969.26. The width 
of the calcium line in the T Tauri stars is more than sufficient to cover the difference in wave length. 


47S. A. Mitchell, Ap. J., 71, 11, 1930. 
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mum strength is relatively greater than in the chromosphere. The He I lines are few and 
decidedly weak in the stars. Only the triplet members, \d 4026, 4471, and 5875, are cer- 
tainly present; \ 4685 He 1 was measured in the spectra of three stars, but it is faint; 
and Mgt and Sc ut are weaker than in the sun. On the other hand, Fe 11 is relatively 
stronger, and its lines are surpassed in strength only by those of H and Ca 11. The lines 
\ 4077 and \ 4215 of Sr 11 are well shown but do not have the excessive intensity found 
in the sun. 

The stellar emission lines are much broader than those of the chromosphere, and the 
strong lines of H and Ca 11 often suffer distortion by deep reversals which are not observed 
in the sun, yet the general resemblance of the spectra leads to the conclusion that they 
must have their origin under similar physical circumstances. The excitation seems to be 
somewhat lower in the T Tauri stars than in the solar chromosphere, while in the stars 
with combination spectra, such as Z And, the excitation is higher.** 


ABSOLUTE MAGNITUDES AND COLOR INDICES 
The spectroscopic absolute magnitudes of T Tau, RY Tau, and UX Tau may be es- 
timated from their absorption lines. The results shown in Table 18 indicate that these 
TABLE 18 


SPECTRAL TYPES, SPECTROSCOPIC ABSOLUTE 
MAGNITUDES, AND COLOR INDICES 


| | 
| 








Star Spectral } Mey Color Index and Source 
Type 
RW Aurss). 55.2. .4. | he Beet Ee | -+0.7 mag.; P. P. Parenago, op. cit., 4, 222, 1933 
UE Aue. oc] | os ial Peg ee eee 
Cree ot... nae | Pa - bo. ees | -++-0.97 mag.; C. Payne-Gaposchkin, Harvard Ann., 
89, 193, 1935 
ie a dG5 +5.0 
RY eet... reese dG0 +4.3 | +0.93 mag.; O. C. Collins, Ap. J., 86, 551, 1937 
ig. ig oS" ee ie dG5 +5.2 | -+1+mag.; Harvard Circ., No. 201, 1918 
WS Pathe ca ds wcsprh. cohen eee Pai.te Etec >-+1 mag.; K. Himpel, 4.N., 270, 185, 1940 


three stars are dwarfs of the main sequence. For UX Tau and UZ Tau additional evidence 
may be sought from their visual companions, assuming that they are physically related. 
The spectral types of both companions are dM3e, and the absolute magnitudes are es- 
timated to be + 10.5. If we use 13.3 as the estimated apparent visual magnitude of both 
companions, m — M = +2.8. Applying this modulus to the visual magnitudes (9.9 and 
9.2) at maximum of the two variable stars, we obtain values of 7.1 and 6.4, respectively, 
for their absolute magnitudes, 1.9 and 1.2 mag. fainter than that determined from the 
spectral lines of UX Tau. On the basis of these data, the variables must be subdwarfs—an 
inference which does not seem justified. The matter can be harmonized only by con- 
cluding that the companions have peculiar spectra, that the stars are not physical pairs, 
or that general or local obscuration has a greater effect in reducing the visual luminosity 
of the variable star than that of its fainter and probably redder companion. Both stars 
are in lanes of heavy obscuration, but no surrounding shells have been observed. The 
large color indices of Table 18 show a definite color excess, but hardly enough to meet the 
difficulty. ; 

The spectra of R CrA and R Mon differ considerably from those of other members of 
the group, and positive evidence of low luminosity is lacking. On the assumption that the 


48H. H. Plaskett, Pub. Dom. Ap. Obs., 4, 152, 1928. 
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changes in the appearance of the attached nebulae result from the passage of light from 
one part of the nebula to another, the distance of R CrA has been computed by E. P. 
Hubble** and found to be 100 parsecs, which corresponds to a minimum absolute mag- 
nitude of +4.7. For the same star, Gaposchkin and Greenstein*® find from star counts 
a distance of 150 parsecs, giving a minimum absolute magnitude of +3.9. Elimination 
of the effect of obscuration on the apparent magnitudes would give brighter absolute 
magnitudes but probably not sufficient luminosity to rank them among the giants. 

A trigonometric parallax of —07011 relative to near-by comparison stars was found 
by A. van Maanen®* for R Mon. This negative result probably indicates that the distant 
background stars of this field are obscured and that only foreground stars are available for 
comparison. On account of the presence of obscuring material in the regions surrounding 
most of the T Tauri stars, the trigonometric method offers little hope for determining 
distance, absolute magnitude, or proper motion. In some of the fields close comparison 
stars are completely lacking. 









































TABLE 19 
MEAN RADIAL VELOCITIES OF T TAURI STARS 
Sa eae — ; NS T = er sehlgi sii Minas ‘aipeioats 
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Dera... 1 —97 2 — 36 +61 || UZ Tau... Ye ae hearer (ree a Safe 
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RU Lup.... Ue ee 2 See) eae ree oo —_———+- ——|— ad haiesen 
RMon.....| 2| +21 | 1 | +12 | —9]|| Weighted! | 
= 20...>.: 14 | +19.6) 14 + 24.6) + 5 mean. .| oe oe ye ea tie erate abc on | +25 
| 














No determinations of absolute magnitude, parallax, or color index have been made 
for RW Aur, UY Aur, S CrA, RU Lup, or XZ Tau. Such observations are needed, but 
there is no reason to suspect that the physical properties of these stars differ from those 
of the other members of the group. 

Although values of absolute magnitude and distance are made uncertain by the pres- 
ence of absorbing clouds, the available evidence indicates that the T Tauri stars belong 
to the main sequence and that their distance is of the order of 100-150 parsecs. 


RADIAL-VELOCITY MEASURES 


The measures of radial velocity from both emission and absorption lines are summar- 
ized in Table 19. The differences (Abs. — Em.) show that in the mean the emission lines 
are displaced toward the violet with respect to the absorption lines. This result agrees in 
direction with that found for the irregular Me variables and the Mira stars,®* but the 
measured displacement is somewhat greater for the T Tauri stars. 


49 Mount Wilson Obs., Annual Reports, p. 252, 1921. 

50 Harvard Bull., No. 904, 1936. 

51 Mt. W. Contr., No. 237, p. 14, 1922. 

52 A. H. Joy, Mt. W. Contr., No. 668; Ap. J., 96, 165, 1942. 

53 PW. Merrill, Mt. W. Contr., No. 644; Ap. J., 93, 380, 1941. 
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Lack of agreement in the measures of different plates of the same star indicates that 
the radial velocities may be variable, with a range of 30-40 km/sec. It seems probable 
that both the emission and the absorption strata are subject to irregular motions but 
that, in general, the emission layers are rising with respect to the absorbing clouds. 


CONCLUDING REMARKS 


Only 11 stars have been found which have the qualifications necessary for inclusion in 
the T Tauri group. The spectral criteria were given high weight. Probably other stars 
which have similar characteristics exist and will be recognized when competent objec- 
tive-prism observations can be extended to the faint stars of the Milky Way. However, 
stars of this class may be expected to be comparatively few because of the peculiar cir- 
cumstances of their location and their relationship to the galactic absorbing clouds. 

Solely on the basis of their light-curves, RR Tau, WW Vul, and perhaps some of the 
irregular variables in Orion might have been included, but their spectra are of earlier 
type (A3-F8) and without extensive emission. Other variables, such as Z And and CI 
Cyg, are similar in some respects but of higher luminosity. Their emitting atmospheres 
have bright Ca 11°4 and some faint Fe 1* lines, although, in general, their spectra show 
lines requiring much higher excitation than that of the T Tauri stars. Their numerous 
sharp forbidden lines, doubtless, originate in an extended tenuous atmosphere which 
favors high ionization, while, on the contrary, the presence, in general, of lines of neutral 
and easily ionized atoms in the T Tauri stars points to a source of considerably lower 
excitation and higher density. Also, the high-luminosity variables with combination 
spectra showing strong 4686 He 11 lines are not associated with dark lanes of the Milky 
Way or with reflection nebulae. 

The changes which occur from time to time in the spectra of the T Tauri variables 
merit more detailed study than can be given in this general survey. They should be defi- 
nitely correlated with the variation in brightness of the stars. As a result of the higher 
density of the gases and the smaller dimensions involved, the changes are quite different 
in nature from those observed in other variable stars. With further observations, the 
effect of near-by companion stars or of surrounding shells may be investigated. Maximum 
brightness, which, for some of the stars of the group, bears a resemblance to the out- 
burst of a nova, has not been observed spectrographically. Such extreme activity might 
furnish a valuable clew to the interpretation of the problem. 


54P.W. Merrill, Mt. W. Contr., No. 688; Ap. J., 99, 15, 1944. 
55 Swings and Struve, A p. J., 97, 206, 1943. 
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ABSTRACT 


Approximate color indices are given for 111 stars south of declination —48° having proper motions 
greater than 0"5 annually and for 514 similar stars with smaller proper motions. Seven new white dwarfs 
and a number of possible “intermediates” are indicated among these stars. 


The present paper is a continuation of a previous article’ in which we gave provisional 
color indices for 78 stars south of declination —48° having proper motions in excess of 
0"5 annually. Since that time further yellow plates have been taken. All stars within 
reach of the Cérdoba 13-inch Carte du ciel telescope were first observed. Subsequently, 
all remaining stars, viz., those fainter than magnitude 16.0 photographic or too close to 
the south pole, were observed with the 60-inch telescope at Bosque Alegre. As before, all 
yellow plates were taken by Dartayet on 103E emulsion with a No. 12 “minus-blue” 
filter. At the time the program on the brighter stars was completed—during late 1943— 
«there was still considerable risk involved in Atlantic shipping; in order to minimize this 
risk, the original yellow plates were retained at Cérdoba, and lantern-slide positives were 
shipped to Minnesota. There were compared by Luyten with positive prints of the origi- 
nal blue plates taken at Harvard, and the color indices were determined in the manner 
described previously. Data obtained in this way for 66 stars, mostly brighter than the 
sixteenth photographic magnitude, are given in the first part of Table 1, where each star 
is identified by its LPM number’ and has its photographic magnitude and total proper 
motion given, as well as the color index adopted. 

The comparisons effected in this way were not entirely satisfactory; and when shipping 
conditions improved in 1944, it was decided not only to take both blue and yellow plates 
with the 60-inch telescope but to send both original negatives to Minnesota. The color 
indices determined for the 47 stars observed in this manner should be somewhat more 
reliable than those determined from positives only, and the data for these 47 stars are 
therefore given separately in the second part of Table 1. The two stars LPM 289 and 474 
were observed both ways and are therefore listed twice. 

2. The six new white dwarfs, LPM 23, 445, 474, 488, 733, and 821, have been an- 
nounced before,’ as has the possibility that LPM 428 and 429 are degenerate stars, since 
they are 7-9 mag. less luminous than main-sequence stars of the same color. The two 
stars LPM 187 and 759 appear to be definitely whiter than expected—by at least 0.5 
mag. While they are probably not genuine white dwarfs, they may well turn out to be 
“intermediates.’’ The stars LPM 85 and 750 may conceivably also belong to this cate- 
gory. 

3. The colors of all stars found in the Bruce Proper-Motion Survey to possess appre- 
ciable proper motion, and shown on our present plates, were estimated as in our previous 
determination of colors of large proper motion stars. Very approximate color indices 
were thus obtained for 427 stars on the positives from the Carte du ciel plates and for 95 
more on the plates taken with the 60-inch telescope. Eight stars were common to both 


1A p. J., 96, 55, 1942. 

2 Pub. Astr. Obs. Minnesota, 3, 1, 1940. 

3 Harvard Announcement Cards, Nos. 691 and 699, and 712. 
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lists, and the resulting color indices for 514 different stars are given in Table 2. Since 
most of these stars are not of any individual interest, they are identified only by their 
BPM numbers as assigned in the General Catalogue of the Bruce Proper Motion Survey. 


TABLE 1 
COLOR INDICES OF 113 PROPER-MOTION STARS 





























| | | | | | | l 

LPM | Mag. M LC. | LPM | Mag. gE Lc. LPM | Mag.| uw | 1.C 

2.....] 15.6 | 0753 | +1.5 || 658....| 15.7 | 0.87 | +1.4 |] 279....| 16.2 | 0750 | 41.3 

4.....| 15.0| 0.58 | +1.6 || 666....| 16.8 | 0.74 | +1.3 || 289t...| 15.2 | 0.60 | +1.2 
Shia... 15.1 | 0.58 | +1.3 || 669....| 15.6 | 0.62; +1.4 || 290....) 16.8 | 0.60 | 41.5 
86.4... 14.7 | 1.05 | +1.0 || 684....) 14.6 | 0.54) 41.5 || 303....| 15.8 | 0.53 | +2.0 
iia; . 16.0 | 0.62 | +1.8 || 685....| 14.7 | 0.67 | +1.6 || 306§...| 16.2 | 0.50 | +1.3 
it eae 14.7 | 0.60 | +1.3 || 686....| 15.2 | 0.70 | +1.4 || 342....| 12.4 | 0.54 | +0.9 
171.. 15.5 | 0.66 | +1.4 || 707....| 15.3 | 0.66 | 41.2 || 428....| 15.7 | 1.17 | 41.1 
ee 14.6 | 0.50 | +1.4 || 729....| 14.2 | 0.51 | 41.4 || 429....) 17.7] 1.17 | 41.0 
191..:... | 15.3 | 0.51 | +1.3 || 737....| 14.2 | 0.61 | 41.3 || 445....] 17.4] 0.57 | 40.2 
ae 15.2 | 0.57 | +1.3 || 739....| 14.2 | 1.27 | 41.5 |] 474....| 15.0] 0.50 | —0.2 

1] | | 

WS. 14.5 | 0.60] +1.2 || 749....] 14.1| 0.70] 41.3 || 484....| 16.3} 0.79 | 41.2 
a 15.2 | 0.60 | +1.1 || 750....| 14.2 | 0.50 | +1.0 || 488....] 16.1 | 0.54] —0.3 
ey 16.0 | 0.77 | +1.2 || 759....| 14.3 | 0.51 | +0.6 || 522....| 16.4 | 0.53 | +1.2 
8... 14.8 | 1.04 | 41.2: |] 774... .| 15.6] 0.57 | +1.2 || 542....} 16.1 | 0.50 | +1.3 
t.4... | 14.4 | 0.53 | +1.3 || 775....| 15.0 | 0.61 | +1.3 || 586....| 16.6 | 0.79 | +1.1 
cae 14.8] 0.50] +1.2 || 778....| 15.7| 0.75 | +1.4 |] 589....| 16.5] 0.65 | +1.0 
ce | 15.2 | 0.52 | +1.3 || 788....| 16.3 | 0.52 | +1.0 || 647....| 16.1 | 0.61 | +1.6 
| ae | 15.2] 1.65 | +1.3 || 798....| 15.6] 0.55 | +1.8 |] 662....| 16.2 | 0.73 | +1.6 
359...../ 14.5 | 0.51 | 41.3 || 802....) 15.5 | 0.90 | 41.4 || 665....} 16.2 | 0.65 | +1.6 
372.....| 16.0 | 0.68 | +1.3 || 804..../ 15.2 | 0.52 | +1.4 |} 668....| 16.5 | 0.54 | +1.6 
397.....| 16.3 | 0.81 | 41.2 || 843..../ 15.4] 1.06 | +1.6 | 675....| 16.2 | 0.51 | +1.3 
yr ree | 14.2 | 0.58 | 41.1 || 845....| 14:5 | 0.70 | +1.3 |] 694)|...] 14.0] 1.25 | 41.3 
3... 15.2 | 1.24} 41.1 || 867....| 14.5 | 0.50] 41.1 || 708....] 17.4] 0.64 | 41.4 
443..... | 15.4 | 0.69} 41.1 || 871....) 14.7} 0.58 | +1.4 |] 711....| 17.5 | 0.84] 41.9 
466.....| 14.7 | 0.52 | 41.3 || 874....| 14.1 | 0.53 | +1.4 |] 713....| 16.3 | 0.57 | 41.7 
47%, 4... 16.2 | 0.53 | +1.3 || 878....| 14.8 | 0.90} +1.6 || 723....] 16.3 | 0.54] +1.6 
474... 15.0/ 0.50} 0.0 || 885....| 15.5 | 0.50} 41.5 |] 732....) 17.2 | 0.64] 41.5 
479... 14.8 | 0.67 | +1.4 || 902....| 14.3} 0.71 | 41.5 |} 733 16.2} 0.51 | —0.3 
495.....| 14.6 | 0.55 | +1.3 | | 735....] 15.7] 1.42 | 41.7 
500*. 16.0 | 0.70 | +0.9+)| 23..../ 14.6] 0.58] 0.0 || 742....| 13.2 | 0.73 | 41.3 
516* 15.0] 1.11 | +0.8+|) 74....) 14.5} 0.55 | +2.0 || 766....| 16.3 | 0.54 | +1.9 
a ee 15.2] 1.14} 41.1 || 127....| 14.5 | 0.50} 41.5 || 768....) 16.2 | 0.50 | 41.5 
ee 15.5 | 0.52 | +1.3 |) 129....| 16.1 | 0.56} 41.8 || 775....| 15.0 | 0.61 | 41.3 
ee 14.3 | 0.57 | +1.3 || 141....| 16.1 | 0.61 | 41.6 |) 778....| 15.7 | 0.75 | +1.6 
591... 15.0 | 0.63 | +1.1 || 177....| 17.7 | 0.50} 41.7 || 821....| 14.8}0.65] 0.0 
vO es 14.6 | 0.50 | +1.2 || 187..../ 14.7 | 0.56 | +0.6 || 834....| 16.4] 0.70 | 41.8 
ee 15.1 | 0.99 | 41.2 || 213..../ 13.6 | 1.12 | +1.4 || 838....| 17.3 | 0.78 | +2.2 
646..... 15.2 | 0.51 | +1.2 || 262f...| 13.6 | 0.67 | +1.2 || 865....| 15.2 | 0.79 | +1.6 





a: mig Nos. 500 and 516 lie in heavily obscured regions, and their real color indices are probably much greater than the values 
given here. 
t Has a companion 2076 in 358°, 16.2 pg, I.C. +0.9. 
t Has a companion 3°7 in 97°, 17.6 pg., I.C. +0.3:. 
§ Has a companion 106 in 106°, 17.8 pg, I.C. +0.5:. 
|| Has a companion 1270 in 15°, 16.6 pg, I.C. +1.4. 
It is not yet possible to say whether any of these are physical companions. 


Similarly to the procedure followed before, the mean color indices for stars whose re- 
duced proper motion, H = m + 5 + 5 log uy, lies between given values have been deter- 


mined; these are given in Table 3. A comparison with the similar values shown in Table 
4 of our previous paper indicates that our present color indices average about 0.06 mag. 
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TABLE 2 
COLOR INDICES OF 514 BPM STARS 





| || | | | | 
: , ae be ve ae mer 
BPM (In Mag.) | BPM (In Mag.) } BPM (In Mag.) | mee (In Mag.) 
RS a 1 +1.0 || si24...... | +0.5 || 7407...... +0.8 |] 10494...... | +0.8 
RR Gstises 0.8 || 5127...... | 0.9 || 7418...... 0.6 || 10673......| 0.4 
143. 1.1 | + ee sp 0.9 || 10695...... Tee 
O67 i... 0. 1.0 || Si.../.. iy (O07 1+ 752....% 0.6 10706...... fz » 
374... Un. ee 2) Re tee a” 0.6 || 10710...... | 0.9 
3062: .. 0. P O00 | SwD...:.. Ph Oo 1 Fer2. ., ..: 0.9 || 10715 | 0.9 
~~ RF 1.0 || 5215...... he BOT OME. oc 1.0 || 10721 +: ae 
403. 0.5 5361...... 1: WE RB as 0.8 || 10736...... | 0.9 
18,1; .. 5. 0.5 ee Be 2 BS 0.7 || 10762...... | 0.6 
Gs. cL. 0.7 5380...... pa cd ke RO 1.3 || 10763...... | 0.4 
SORE D. £3 eli Eee 0.9 || 10770...... = 
500... isi | 0.6 a i a! 0 OGReR.. . St eee ee Li? aoe 
1 eee | 0.6 Co ee | as || 7616...... ie Se met 
yee ie ©. ee i> G2 7640. . | S.1-}) We... | 0.5 
M18; .. 42. 1.5 =e? 0.6 || 7647...... 0.6 || 10789...... = * 
2018a...... | 8 ee 1.0 || 7698...... 1.0 |} 10792...... |} 0.9 
rT eS b 342 5593. 0.9 || 7780...... 0.8 | 10797...... 0.9 
Re | 0.9 eee 1.0 || 8369...... PP See. if: 1.2 
Ye | 0.8 S779... .'.. 0.6 || 8404...... DS aa «73, 2 | 0.9 
8, .. Js | 0.5 sree... G75R :OMie... 2 | eet. |. oe , a 
} 
ae arr ae 0.6 $420. ..... | 0.9 10922...... i oe 
a ly Aa 5789... ... | 0.9 8436...... | 0.0 || 10066...... hn 
. 2 we * 5802. 0.5 ee | 1.0 || 10975 a. 
A 1.6 are 0.9 || 9155. 1.2 || 10902...... 1.1 
2313. | a2 ee 0.4 || 9582...... 0.5 || 11100......| 0.5 
ret ee | 1.0 me... 0:7 "ll OOM... ...: 1.0 || 11115 1.0 
2323. 1.2 SA, x. 0.8 || 9609...... 0.9 |} 11118...... 1.5 
ae 1.0 ee... 4: | 0.6 || 9623.. 0.8 || 11123 i. 2 
a 1.1 5879..:. 3. | 0.7 || 9633 0.7 || 11138 oe 
Rate 0.4 en. x. 1. (OO Ons... x 1.0 |} 11147...... | 
| 
oe 1.3 Or. i ee Bae. | os 1 ime... 5. | 1.0 
bask 1.0 5894. A. CF 0 BR... | os Aime |e 
RE 1.1 5903. | 1.0 || 9675 ae: 2 ee i: ae 
Zeta... 3. 1.0 5942...... * eC CMM 2... oe el hes 
eae 0.9 5099... fe Oe tones 3 @tst dl atged. 262 0.7 
a 0.8 6484...... fe a eee ee Pe ee 1 
2542 0.9 6492...... i es 9783 S @:6 +) 19988. ...:. | ae 
2575 1.0 ae fs Oo ORM... ie Sie oe” ee 0 
ees ae 1.1 ee eee a, | OS 4 1a... /. | 0.6 
Se 68S Cees ot eee eae | 9803. eee 11453 5 ee 
} 1| 1] | 
2743. we: >. ae 0.9 || 9809...... ae eS ee ce 
me. ...... weet. eee 1.0 || 9828...... warn: 1.1 
oc. eee ex ae 7. 7 ae feiss: ee 1.3 
a Si 2S See Se | } 1.2 |] 11765.. 0.9 
ee esx. | 1.1 || 6850......| 0.6 || 9893. | 0.3 |] 11774... 1.0 
| ecniaa | 1.4 || 7104...... 0.5. Ih 98M... | 0.9 || 11782.. 1.2 
RS Be a ik Sees 1.1 || 9914...... bc heh AMMB. cae usta « 2 
ae | ve oo: ee | 06 | 10264... } 0.8 || 11798... eee 
M98. ...... os fae 2 0 ee... oe Tt See... 1.2 
eee | +0.5 | 7400...... | +0.8 |) 10487...... | +0.4 | 11806...... +0.6 
| i] | I| 
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| 
3. IL. | LC. fe 
aie (In Mag.) saad as (In Mag.) wee (In Mag.) BPM (In Mag.) 
; 1 
1 +0.8 |} 14362...... | +1.1 || 15981...... +1.3 || 19013...... +1.0 
TS ee 0: 0 14008:..... 105 19083. ..... 1.3 || 19016...... 0.4 
11890....... 1.2 || 14304...... | 0.9 | 1iae....... 1.0 || 19019...... 0.9 
12590....... 1.1 14414...... | 1.2 |] 15988...... 5° || 190%1...... 0.6 
12593... 0.9 || 14685...... |. eet f saeee.. 0.7 || 19022...... 1.3 
12640....... 0.7 || 14714...... | 1.6 |} 16000...... 1.4 || 19024...... 0.9 
12645....... tT aS ae |  A9j@S 3 SO, 1.0 || 19026...... 1.0 
eee). 0.6 || 14723...... ly 12648 fF 96082... 1.6 || 19029...... 1.1 
eee... ..... 1.0 || 14894...... | ti 16193...... 1.1 19033...... 0.9 
17906........ 0.9 || 14895...... | 1.4 || 16120...... 1.0 || 19041...... 0.9 
| 
. 0.2 || 14902...... | [aS 8 seaete.... 1.2 || 19042...... 1.1 
ce 0.9 || 14909...... a iets. 0.5 || 19053...... 1.0 
1270....... 1.3 || 14915...... | Bas 0 ae... | 08 || 19055...... 0.9 
[ee 0.8 || 14922...... | IS30S eee. 1.3 || 19060...... 0.9 
13239....... 0.9 || 14937...... 1.4 |] 16885...... 0.4 || 19068...... 1.1 
13403....... 1.3 || 14941...... aa |] 16087::.... 6: || 19008)... 0.6 
rn 1.4 || 14957...... 0.9 || 16921...... 1.6 |} 19077...... 0.9 
13048, ...... | meg tem...... 1.5 || 16926...... 0.5 || 19078...... 1.1 
13488. <2 2 soe 1.1 16935...... 1.1 19508...... 1.0 
13498 | 1.4 || 15096...... 1.1 |} 16937...... 1.2. || 20298...... 0.9 
Ec. <5, | 1.3. || 15128 1.3 || 16938...... 0.7 || 20312...... 0.7 
13536a*..... 1.5 || 15129...... 1.3 || 16939...... 1.1 || 21425...... 0.6 
eee 1.3 ee... 1.4 || 16040...... oO | ae. ..... 0.8 
188... 1.2 || 15205...... 1.1 || 16945...... 0.8 || 21439...... 0.6 
en ee ces.) Ee 1.3 || 16955...... 0.5 || 21443...... 0.4 
13596. ...... 1:3 - 2% Ge. 1.3 || 17445...... as.) [ae 0.7 
13615 1.4 7. te. 3. 1.1 || 17454...... 1.4 || 21447...... 0.6 
[ar..;..<. 1.1 15266. ..... 0.9 ] 17463 1.0 || 21475 0.4 
19696. ...... 1.2 || 15389...... 1.2 ! Bee 1a i tee... 0.7 
13644....... 1.4 |} 15395 0.9 || 18181...... Oo | 2580S: .:... 0.3 
13649....... 1.1 15401...... oe Rag $2 ee... 0.5 
13803 1.0 || 15420...... 0.5 || 18219. ..... 6.8. 3 2s... .. 0.9 
See 0.5 || 15447. 1.3 || 18747...... ‘.3- - Be meenes, 0.7 
13824....... 0.6 || 15482...... 0.6 || 18750...... 1.2 || 21840...... 0.8 
"ee 1.4 || 15485...... £.0-:||::$8752...... 0.9 || 21875...... 0.5 
13062.......; 1.2 || 15526..... 1.0 || 18755 0.9 || 21880...... 0.5 
[ae 1.3 || 15562...... | 1.3 || 18937...... 0.9 || 21890...... 0.0. 
13955 0.6 || 15637...... | 1.0 |] 18941...... 14 © 2... 0.8 
13965... 1.4 |] 15638......) 1.5 |} 18943 0.9 || 21893...... 0.9 
Cs dt 1.6 || 15639...... I BF 2 ae. | 0.6 || 21894...... 0.9 
| | 
13998....... 0.8 || 15667at. ...| 1.4 18951...... + 192” POSER 1.1 
oe | OS Bie... . Ten 18974 1... A a: 07 
rT hae | 7° BWSR. cs. | 4.2 1] 180%6...<:.b. 1.1 | 2g 1.0 
14144....... | fd HE UBT. . eni | 1.0 || 18983 | 0.6 |} 21927...... 08 
14178. . $.2 t W6758....2; | 5 O@ fh MMBRE... ox. 1 eh Bor... 1.0 
14183 } 0.9 |} 15938...... | -O.6@ |] 10888... ax | 0.9 || 21937...... 08 
14987. ...... | o $d) Bee... 0.9 || 18995...... | 1.0 |} 21960...... 0.3 
ee) Betis Sa 1.0 || 19003...... | 0.5 |) 21966...... 0.2 
14292. | £6 7 aie... 1.2 || 19008...... | 2 aes. 0.6 
14309....... | 41.3 || 15980 +1.0 | 19012 | +1.0 || 21979 +1.0 














* Listed in the General Catalogue as No. 12716; however, its right ascension is 20538™5 instead of 19538™5, and it should be 


entered as 13536a 


t Omitted from the General Catalogue. Its position for 1900 is 23%38™8 —69°43’, 14™8, 07096, 185°. 


‘ 
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; Ge ve : EC, : Ee. ‘ Lc. 
rebar | (In Mag.) BPM (In Mag.) BPM (In Mag.) BPM sis Mee. ) 

21980...... +0.9 || 22335......| +0.7 || 26002...... +0.4 || 26852... eis: 
RS 0.5 || 22342..... 0.9 | 26695. 1.2 || 26904..... 1.3 
21986..... iO; 1 2asee...... 0.8 || 26698...... tA: |] 27083......).. 208 
22016... 0.7 || 22364.. 0.3 || 26703.... 0.9 || 27017...... | 0.9 
22026... 10: Ht 20968...... 0.3 || 26707.. 0.8 || 27034...... 1.1 
22028. .... 0.6 || 22406..... 0.2 || 26708..... 1.0 || 27046...... $2 
22035..... 0.5 || 22416...... 0.8 || 26716..... oe: ff Wes... ... 0.6 
22061. ..... @.5; | -225@.... O48: i 2ii7...... 0.9 || 27144...... 0.7 
22067... 1.1 || 22552.... 0:0; || 26721...... 1.6 || 27145..... 1.0 
22068. ..... 2: 1 20567.......1 @i5: 1] 26726...... 2.1. |] 27170..... 1.0 
22069. ..... 0.6 || 22574...... 0.6 || 26731...... OH 27192...... } 1.0 
ee | hc: Sees. .....] eer OEM. ....... OS: Tf 20109. ....... | A 
mes......| Pace 1. 2008S...... 0.8 || 26746...... 1.2: |) 27190......]) @6 
20087 ....... | 0.4 |} 22586.... 0.8 || 26751. 1.0 || 27586. . 0.9 
Se... | 0.8 || 22592..... 0.7 || 26752. 0.9 || 27590...... . aon 
eeeet. ..... | 0.8 || 22608...... 0.5 || 26762. OF; || 27507...... 0.8 
zeus... ... 1 0.8 || 22615......) 0.7 |} 26763. 0.9 || 27603. 1.3 
27009... | Moi, | Bee2...... | oS: i] 26g#2...... 1.1 || 27633 0.9 
asl... | weOy ff} 2068. .... OB; fi 26772...... is; ‘i eee. ..... 0.7 
qeass.......... } 0.8 || 22632..... 0.6 || 26779...... 1.2 || 27640...... 1.2 
| ae 0.6 || 25251...... 0.5 || 26783..... Ti. | ae 0.6 
20000... 1:0 || 28255...... 1.0 || 26789...... fod) ii 26a: ...... 0.7 
22283 0.8 || 25406.... 1.4 || 26790.. 1.0 || 28444...... 0.8 
22285 O:7: || 26608....... 0.9 || 26797 1.1 || 28453 +0.3 
22296......| 10 {| 29422...... 1.( 26801 0.9 

2... Os: || 25073....... 4:2: || 26003...... 1.2 

22304...... 0.7 || 25901...... ist: | SORE. ..... 0.8 

22308...... 0:8: || 29907......| °Qs8: || 260m0...... 1.1 

2505...... OS: |} 26877. .;.. 0.1 || 26839..... 0.5 

22333......| +1.1 || 26565......) +0.6 || 26850...... +0.8 


TABLE 3* 


MEAN COLOR INDICES FOR STARS WHOSE REDUCED PROPER MOTIONS 
LIE BETWEEN GIVEN LIMITS 


re Y tyr ea ~s ey } | 








| | | | 
Br | Ps eae eae ee” ag ee 
Limits for H \(In Mag.)| No (In Mag. ) No lin Mag.) No 
CORRS a 4, /+0.72| 10 | +0.66| 29 | +0 68 | 39 
10.9-12.2... | 0.79] 60 | 0.71} 106 | 0.74] 166 
12.5-98-7,...'.. | 0.82} 168 | 0.74] 172 | 0.78 | 340 
13.8-46.2...2.. | 0.96] 162 | 0.87] 115 | 0.92] 277 
15.3-16.7...... 1.09} 85) | | lf 1.09} 118 
16.9-18.2.....: | +120] 37 ‘aad $841.21] 42 
} | 


| 





* The second and third columns give the av erage color index and the number of stars em- 
ployed in each average for the stars considered in this paper. The fourth and fifth columns 
give the corresponding data taken from our previous paper, while the sixth and seventh col- 
umns give the over-all averages. 
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redder than the earlier ones but in view of the uncertainties involved, this can hardly be 
considered as a real systematic difference. 

4. Eleven stars included in Table 2 have proper motions larger than 073 annually, 
namely, BPM 5882, 9636, 9898, 10921, 10922, 11798, 11806, 12743, 15988, 16921, and 
25901. Further details concerning these stars are given in the catalogue of stars with 
proper motions between 073 and 075 annually, and south of declination —50°4. It will 


TABLE 4 
DATA FOR STARS OF SPECIAL INTEREST 




















BPM Mag | 7 | I.C. BPM Mag u 1.C. 
‘ ' | (In Mag.) 7 . (In Mag.) 
5491..... | 12.1 | 07083 | +02 |} 19016...... | 14.6 0"052 +0.4 
Co ae | ioapgnaes f cil gagin 9 3 21999: 0): | 12.2 ‘111 3 
5887..... | 140 | .078 | 4 21890...... | 12.2 070 0 
8436. tS 98.2 ‘111 0 21960... | 14.8 046 3 
a) ae 16.4 049 4 21966...... 12.1 126 2 
9893... 15.5 062 . 22087..... | 14.4 153 4 
10789..... a 101 4 MA... | 14.7 057 3 
11806..... | 14.9 324 6 568 4" pA 077 3 
ise... 983 438 ai 14.8 032 2 
13693... | 14.9 097 §) Witty... 17.5 0.104: +0.1 
13824..... | 16.3 0.113 +0.6 
| 





be noticed that the (very uncertain) low value of 0.3 for the color index of BPM 25901, 
as given in our earlier paper, is not substantiated by our present observations. 

Twenty-one stars appear to be of sufficient individual interest to merit further men- 
tion. Data for them are given in Table 4. Five of these may be ordinary red stars situated 
in obscured regions; others may be high-velocity F or G dwarfs or intermediates. The 
star BPM 8436 appears to be a genuine white dwarf; it has been announced on Harvard 
Announcement Card No. 699. The star BPM 26377 seems unquestionably white, but re- 
examination of the measures indicates that the published proper motion is probably in 
error, most likely due to magnitude error in the measurements. 


4 Pub. Astr. Obs. Minnesota, 3, 23, 1940. 
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ABSTRACT 


The color indices at maximum and minimum indicate spectral classes of gG2 and gG9, or dG6 and 
dK1, respectively. Asymmetries of common forms and undetermined sources are shown in the light- 
curves. Photographic, photovisual, and visual magnitudes of comparison stars are presented, with a 
chart of the region. The comparison of the photographic with the visual radii indicates that both com- 
ponents are surrounded by redder gases to a depth of one-fourth or one-fifth of their radii. 


This study of QY Aquilae (Ross 268) is based on 910 photographic and 338 visual ob- 
servations made with the 10-inch reflector at the University of Oklahoma Observatory 
in 1941 and 1942. The photographic magnitudes of the comparison stars (Table 1) were 
derived from 17 comparisons with Selected Area 88 for stars brighter than magnitude 14, 


TABLE 1 


MAGNITUDES OF COMPARISON STARS 




















| | | | | 
Star | Mg | PE Moy P.E my | Star | Mog | P.E. | toy P.E my 
os | 12.14 |+0.02 | 10.95 |+0.03| 11.2 gp TER 12.66 |+0.02 | 12.08 |+0.02} 12.1 
baiew.% 11.46 .03 | 10.22 04} 10.2 || g..... 13.50 .02 | 12.69 08:15 27 
ne 11.64 .02 | 10.99 03 | 10.9 || k..... 13.57 .02 | 13.20 07, | 713.3 
" eernedg at 11.89 .04 | 11.20 . eM $e 6 ee 14.69 02 | 13.65 | 0.08] 13.6 
Coes 13.03 .02 | 12.72 09} 12.4 ! Sx 14.10 05 | EC a See te ta a 
UP gra 12.50 .02 | 12.03 .02| 12.0 ] m 14.38 OT LL PEAY. ude Oh amas 
@xtiizn: 13.32 | 0.03 | 11.51 | 0.03 | 11.8 | ik o,:3 14.39 | 0.02 | » Eon SEMA ee Reeth 
| | | | 

















and 7 comparisons for the fainter stars. The visual magnitudes were derived from several 
visual sequences, adjusted to fit the scale of photovisual magnitudes obtained from 8 
comparisons with Harvard Standard Regions C 10 and C 11. Stars h and k could be meas- 
ured on only three of the photovisual plates, and the measures were discordant. Eastman 
103-O and 103-G plates (the latter with an Eastman K-2 filter for photovisual magni- 
tudes) were used for most of the work. 

Nearly all the photographic measures were made on multiple-exposure plates. The 
normal exposure times were 2 or 3 minutes during maxima, and from 8 to 16 minutes dur- 
ing primary minima. After more than half of the plates had been measured with a scale of 
stellar images, 200 of the measures were compared with direct estimates made with the 
aid of an eyepiece. The distribution of the differences was so nearly normal that the use 
of the scale was discontinued. Except for these 200, each exposure was measured or es- 
timated only once. 

The tabulated visual normal points between 0°100 and 0°872, inclusive (Table 2), 
are means of 10 observations each. The others are means of 5 observations, except the 
last, which contains only 3. The tabulated photographic normals between 0°077 and 
0?913, inclusive (Table 3), are based on 20 observations, and the remainder on 10 each. 
However, the normals plotted in the figure contain either 10 photographic or 5 visual ob- 
servations each. The tabulated residuals were obtained graphically from theoretical 
curves for complete darkening at the limb. 
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TABLE 2 
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The light-elements used for computing the phases were those published earlier by the 
writer.! At that time, the visual observations had not been reduced. 

The first of the observed minima in Table 4 is taken from Katalog und Ephemeriden 
verdnderlicher Sterne fiir 1939; the second and third are from unpublished visual observa- 
tions by Professor J. O. Hassler at the University of Oklahoma Observatory. The residu- 
als are computed from the elements 


JD © 2430223.6128+7.229815-E. 


This period is appreciably longer than the one used for computing the phases (7.229617). 
The earlier period furnishes a better fit for the observations of 1941 and 1942. The sys- 
tematic trend of the residuals is indicative of a variable period, which is not uncommon 
for eclipsing variables with asymmetric light-curves.? 


TABLE 4 
OBSERVED MINIMA 




















JDO Weight | Type | Epoch O-C JDO | Weight | Type Epoch O-C 
2420000+ | | || 2430000+ 
oe Re ee ee eee | —558| —0401 || 259.763...| 2 p, V 5 | +0001 
8517.380..., 1 | v | —236| + .004 |} 281.450...) 2 p, V 8 | — .0O1 
8806.553...| 1 v | —196] — .016 || 295.904...} 1 p 10 | — .007 
2430000+ | | || 310.375...) 1 pv | 12 | + .004 
165.782..... 2 | pv | — 8| + .008|/ 324.825...| 1 pv | 14 | — .005 
194.696....,; 2 | pv | — 4] + 002] S48.987...) 4 p, Vv 45 — .007 
209.168....| 1 | v | — 2] + .015 |) 556.177...| 1 p 46 | — .007 
216.390....| 1 | pv |— 1] + .007]| 563.410...) 1 p 47 — .004 
3.643....1 €& | pe 0| — .001 |} 570.631...) 1 | p 48 | — .013 
230.851.....) 2 | pv | + 1] + .009]] 577.873...) 3 | p,v | 49 | — .001 
238.065.....) 1 | p,v | + 2] —0.007 | 599.558...| 4 | p,v | 52 | —0.005 
| | | 1 | 











Both photographic and visual observations indicate that the star is brighter between 
primary and secondary minima than between secondary and primary, although the dif- 
ferences between the mean magnitudes are small: 0.015 + 0.006 (pg) and 0.052 + 0.012 
(vis.) For 022 or 0P03 at the beginning of primary minimum, the photographic normals 
are all lower than the corresponding points on the ascending branch. This was so trouble- 
some in earlier attempts to determine the ratio of the radii that the ascending branch was 
used alone for the final computations. Small humps midway down both branches of the 
photographic minimum may have arisen from errors in the magnitudes of two or three of 
the comparison stars. 

For complete and two-thirds darkening at the limb, the algebraic means of the residu- 
als of the photographic normals from the computed curves in primary minimum were 
—0"016 and +0008, respectively. The corresponding means, taken without regard to 
sign, were 07050 and 07040. Attempts to reduce these led to negative values of cot? 7. 
The mean residual of the ten-point normals outside of either eclipse, taken without re- 
gard to sign, was 0™025. For the visual curve the corresponding means were —0™004, 
—0™018, +07071, +0™7069, and +0™038. (The last value was determined from the five- 
point normals.) The algebraic and arithmetical means of the residuals from the visual 
curve for zero darkening in primary minimum were —0™012 and +0072, respectively. 
The visual minimum appears to occur later than the photographic by approximately 17 
minutes (04012 + 04001). This effect is apparent only in the visual normal points below 
magnitude 12.5. 


14.J., Vol. 50, No. 6, 1943. 2 Kopal, Ann. New York Acad. Sci., 41, 47, 1940. 
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There are indications that the visual light-curve does not always repeat itself exactly. 
On JD 2430165 (epoch, —8), a series of 10 estimates in primary minimum indicated a 
total phase lasting 04088 or 0?012, of magnitude 13.56 + 0.04 (mean residual from 5 
estimates). Other estimates, at epochs —4, 0, and 1, might have been interpreted in 
terms of a partial eclipse, with a minimum of about 13.75. 

In consideration of the asymmetry of the light-curves and the low weight of the visual 
curve, the third figures of the photometric elements are of questionable significance. 


TABLE 5 
Photographic Visual 
Maximum magnitude............. 11.429 10.76 
Minimum magnitude............. 14.578 13.62 
Luminosity: 
Smaller star... . Ls tind cry Pr 0.945 0.928 
mm ateT Ess CLs ORR 0.055 0.072 


Color indices: At maximum: 0.67; at minimum: 0.96. Spectral Classes:4 
gG2 or dG6; gG9 or dK1. 





TABLE 6 
Photographic Visual 

Rae UREN os 5d)s se vs cde s dave bem u=1 | u= 2/3 | w=! u=2/3 u=0 

LAST UR ea a | 0.853 0.804 | 0.850 0.820 0.710 
MOUS OF INTREST SIBT.. . 66... 5s vo ee a 0.232 | 0.280 0.285 0.289 
MeBOrOn Ge OINCT BIEL... ew ce ees | 0.198 0.186 | 0.238 0.234 0.205 
oe SS a ee oe eee . ae 90° =| = = 88°8 87°4 85°4 

Duration of eclipse (computed)...........}| OP143 0P134 | OP171 OP 162 OP 163 
Duration of total phase (computed)....... | 0.013 0.015 | 0.007 | 0.007 0.008 
Secondary minimum (computed).........}  11™471 117468 | 10782 10™81 10™80 

Ratio of surface brightnesses............. | 24.6 26.6 | 17.8 19.2 25.6 


Mass-ratios (brighter component to fainter) of 1.64 and 1.53 were determined from 
the photographic and visual elements, respectively, by use of Bethe’s expression® for the 
mass-luminosity relation: 


log L = log c+ 5.25 log M —1.25 logR. 
However, since evidence is accumulating that many eclipsing stars do not conform to 
this relation, these values may not be significant. 


The visual radii are approximately one-fifth greater than the photographic for com- 
plete darkening, and one-fourth greater for two-thirds darkening (Tables 5 and 6). 


I am indebted to the Faculty Research Fund Committee of the University of Okla- 
homa for a grant used to purchase materials needed for this study. 


8 Quoted by Taylor and Alexander, Pub. Univ. Pennsylvania, Astr. Ser., Vol. 6, Part III, 1940. 
4 Seares and Joyner, Mt. W. Contr., No. 684; Ap. J. 98, 278, 1943. 
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COMMENTS ON CAPTAIN WHITNEY’S PAPER 


Captain Whitney has presented his results so concisely that he has hardly done justice 
to his own methods. A discussion of his photographic observations with the aid of Mer- 
rill’s unpublished tables for limb darkening 0.8 leads the writer to almost exactly the 
same elements: 7; = 0.227, r2 = 0.181, i = 90°, and the same computed light-curve. The 
negative residuals at about the twelfth magnitude and the positive on the other part of 
the descending branch cannot be removed by any adjustment. The writer attempted to 
represent the mean of both branches of the observed curve but found that the computed 
“shoulders” agree with the ascending and disagree with the descending branch—showing 
this to be forced by the data, independent of any arbitrary choice. 

Computation of the ellipticity and reflection effects show that they may be approxi- 
mately represented by Am = 0™01 cos 6 + 0™01 cos 26. Neglect of them was therefore 
justified. 

With Whitney’s mass-ratio, the density of the brighter component comes out 0.025 
the sun’s and that of the fainter 0.008—entirely normal values. 

The visual estimates show very large residuals in some cases and are evidently of a 
lower order of accuracy. They cannot be even roughly represented by a light-curve de- 
rived from the geometrical elements which fit the photographic curve. For example, for 
half the maximum loss of light (a = 0.5) the photographic magnitude is 12.13 and the 
phase from a freehand light-curve is + 0.032 (computed, 0.033). The visual magnitude is 
11.44 and phase + 0.040 (freehand curve). So great a systematic difference suggests the 
desirability of visual observation by some method of higher precision. 

Discussion of Captain Whitney’s visual observations, as if they alone were available, 
leads to substantially the elements which he gives. 

The difference in inclination between them and the photographic elements can be only 
a formal result of calculation. Those in the radii—especially of the eclipsing star—appear 
too great to be of physical significance. 

The computed values presumably represent effective radii of sharp-edged disks pro- 
ducing obscuration as nearly equivalent as possible to that of an atmosphere of increasing 
opacity. Radii 0.285 (vis.) and 0.232 (phot.) would mean that violet light passed with 
very moderate obscuration at a depth of 18 per cent of the “‘visual” radius, and over a 
path 1.16 times this radius, through gases effectively opaque visually. 

Further visual observations are greatly to be desired, and also spectroscopic studies. 


HENRY NORRIS RUSSELL 


PRINCETON UNIVERSITY OBSERVATORY 
June 30, 1945 
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ACCORDING TO BETHE’S LAW OF ENERGY GENERATION 
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ABSTRACT 

It is shown that for stars with masses and luminosities similar to those of the sun a satisfactory model 
may be constructed by associating the Cowling model with Bethe’s law of energy generation. From the 
values of Z and M of such stars given by Kuiper, R has been calculated and found to be in good agree- 
ment with Kuiper’s values, thus lending strong support to the validity of Bethe’s law for these stars. The 
hydrogen abundance of such stars is found to be about 35 per cent; and their central temperatures lie 
within, or close to, the range of 19-22 million degrees. An empirical formula has been given for calculating 
the central temperature from Z and M of such stars. 


It has been found that Bethe’s energy-generation law,' applied to the convective- 
radiative model of stars, is in very good agreement with observational results in the case 
of a star like the sun (with small mass and negligible radiation pressure) when a hydro- 
gen abundance of 35 per cent is assumed. Further, the constitution of such stars is quite 
satisfactorily given by the Cowling model, in which the convective core contains about 
14.5 per cent of the mass and occupies 17 per cent of the radius of the star.? A preliminary 
calculation has convinced us that for these stars of small masses the Cowling-model core 
is very nearly identical with the energy-generating core of a model constructed strictly 
according to Bethe’s law. The luminosity function also does not differ much in these two 
models, the discrepancy being limited to about 6 per cent. It is thus reasonable to make 
use of the Cowling model to study the internal constitution of such stars and to check, as 
much as possible, the results calculated on the assumption of this model by comparison 
with observational material. The object of this paper is to examine the results obtained 
from the Cowling model of stars of small masses in which energy generation takes place 
according to Bethe’s law and to compare them with observational material available to 
us. 

I. CALCULATION OF STELLAR PARAMETERS FROM THE COWLING MODEL 


We take the Cowling model to be approximately true for stars of small masses and 
further assume that energy in them is generated according to Bethe’s law. We note that 
the Cowling model is entirely determined if three parameters are known, as is shown by 
the following formulae :* 


as uwH GM 
= 0.9 ——- — 1 
me OR’ . 
3 
M ! 
Pe = .. = a (2) 
4ry, R' 
KoL 3 p. 
O a ee ae, Sea J 
. 16x ac aT” (3) 
with a 
Pe : 
2 = —____ _*, + 
™ 8ruGH p, (4) 
1 Phys. Rev., 55, 434, 1939, 2 Nature, 153, 267, 1944. 


3S. Chandrasekhar, An Introduction to the Study of Stellar Structure, pp. 352-354, Chicago: University 
of Chicago Press, 1939. 
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The three parameters may be considered to be M, R, and X, since xo and yp are con- 
nected with X by the relations (for negligible He content) 


1 " 
ko= 3.9 X 10% (1 — X%) 5 (5) 
and ; 
Sit rast aeons 6 
M=733x" (6) 
The luminosity, according to Bethe’s law, is determined by 
Lis) = F tested, (7) 
) I wr” pec 
where | 
e=epl*8¢e— 8/T'/ (8) 


and € is a constant, depending on the composition, and 
B=56(2X 10"), 
Introducing the variables &, 0, and a, defined by 
r=aé, T=T.0, and p=p.o, 
and using the polytropic relation « = 6°/?(m = 3), we find, after some calculations, that 


L(&) = Ap (£,T), (9) 


where the luminosity Z = L(é;) (€; denoting the value of £ at the point where the con- 
vective core ends), and 


thes (sR Tos (10) 
: " \8ruGH ° 
and . 
F(&, 7.) =f 97/3 ¢—b/0'/ 2g & (=F): (11) 


Thus, combining the Cowling model with Bethe’s law, we get four equations ( [1], [2], 
[3], and [9] ), from which Z may be eliminated (by means of eg. ( [ 9] ), and three equa- 
tions obtained involving five quantities: M, R, p., T-, and X. These equations can now be 
solved in terms of two parameters, 7, and X, say; and thus M, R, and p, can be obtained 
in terms of these two. Equation (9) then determines L = L(é,). The detailed calculations 
appear elsewhere.* But we may quote here the final formulae. We have 





B 
L=—; (12) 
pe 
where me } 
6nrac a 
13 
3 ko (gen) 7 ¢ (13) 
and 
aes 14 
Pom aTGATS am) 


Equations (1) and (2) then determine M and R. In this manner we can construct two- 


parametric solutions of our equations, giving all the quantities L, M, R, and p, in terms 
of T, and X only. 


4 Indian J. Phys., 18, 212, 1944. 
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In actual calculations we have to fix the value of the average guillotine factor / in 
equation (5). This is done as follows: We have at our disposal a rigorous integration 
of the stellar equations, taking Bethe’s law into consideration for a central temperature 


TABLE 1 


SOLUTIONS OF EQUATIONS (1), (2), (3), AND (9) GIVING THE MAss, 
RADIUS, LUMINOSITY, AND CENTRAL DENSITY FOR STARS WITH 
ASSIGNED CENTRAL TEMPERATURE AND COMPOSITION 




















x IT. x 107%) M x 10-73 | Rx 107! | Lx 10733 Pc 

ye oe 0.83 | 4.40 0.38 | 86.5 
|} 20 | 1.00 | So | 099 | 70.3 
21 | 1.18 566°) 248 | SB. 
eet 2 ee 521 | 48.6 

| | | | 
oS See ; 6-1. dale oe 0.76 | 69.5 
20 | 1.4 6.14 1.92 56.5 
21 Py is 6.92 4.57 46.6 
22 | 2.05 7.74 10.32 39.1 
0.35...4. 245 = | MURS 6.27 1.25 60.3 
| 20 2.01 7.13 3.17 49.0 
| 21 2.38 8 04 7.55 40.4 
| 22 | 2.99 8.99 17.06 33.9 

| | 

i... a | oe 7.04 1.88 54.7 
20 | 2.50 8.02 4.76 444 
21 | 3.06 9.04 11.35 36.7 
22 3.59 10.10 25.64 30.7 
ae 19 2.67 7.71 2.67 51.4 
20 3.20 8.78 6.76 41.7 
| 3.78 9.90 16.10 34.5 
i 2 4.43 11.07 36.38 28.9 
oe ae | 49 3.18 8.26 3.65 49.9 
20 3.81 9.40 9.25 40.5 
21 451 10.60 22.03 {33.5 
22 5.28 11.85 49.77 28.1 
eo 19 3.65 8.61 4.91 50.5 
20 4 38 9 80 12.43 411 
21 5.18 11.05 29.61 | 33.9 
22 6.07 12.36 66.88 | 284 
635....... “| a0: 17 os 6.60 54.7 
| 20 4.80 | 9.85 16.72 44.5 
| 2 5.66 11.10 39.81 | 36.7 
2 6.89 12.55 90.00 | 30.8 
oes. ...<. | 19 3.93 7.82 9.61 72.7 
| 2 4.71 8.90 24.33 59.1 
21 5.57 10.02 57.97 48.8 
6 9 








3. 3/ : 
we. 53 | 11.22 130.95 40. 





of T. = 20 X 10° degrees. The value of / is so chosen that for this central temperature 
the final values of Z, M, and R, obtained from the Cowling model, agree as closely as 
possible with the values obtained from the accurate integrations. This value of / turns 
out to be 6 and has been accepted throughout our present calculations. 
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II. THE RESULTS OF NUMERICAL CALCULATION 


In our numerical work we have taken 7, = 19, 20, 21, and 22 million degrees; and for 
each of these central temperatures calculations have been made for X = 0.15, 0.25, 
0.35, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95. Table 1 gives the results of our calculations of 
L, M, R, and p., according to the formulae developed above. The highest value of the 
central temperature considered, viz., 7. = 22 X 10° degrees, has been verified to be such 
that up to about this value neither the radiation pressure nor the opacity due to electron 
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Fic. 1.—The mass-luminosity relation for X = 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95 
with Y = Oand T, = 19, 20, 21, and 22 million degrees. 


scattering plays a significant role. For a central temperature very much below our lowest 
value, JT, = 19 X 10° degrees, the proton-proton reaction of Bethe and Critchfield® 
might contribute a substantial part in the energy generation. Hence we have limited our- 
selves to this safe temperature range for the present scheme. 

From Table 1, Log Z and Log M (with Z and M in absolute units) have been plotted 
in Figure 1 for the various central temperatures and hydrogen contents. The plotted 
points lie on two sets of curves, 7. = constant (from 19 to 22-10® K) and X = constant 
(from 0.15 to 0.95), and determine a narrow lozenge-shaped diagram except for a slight 
bending of the curves in the upper portion. Two other curves are also plotted with the 
data taken from Table 1. Figure 2 is an X—Log R (R in absolute units) diagram, while in 
Figure 3 is plotted p, against X. 


5 Phys. Rev., 54, 248, 1938. 
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From these diagrams we can determine all the parameters of a star of which the cor- 
responding point plotted in Figure 1 lies within the lozenge-shaped portion. For instance, 
the position of this point will give (by interpolation) the values of X and 7,. Figures 2 
and 3 will then give the values of R and p,. 

From this point of view we have examined some of the stars whose L, M, and R values 
have been revised by Kuiper.® The parameters of those stars whose representative points 
lie within or near the boundary of Figure 1 have been calculated and given in Table 2. 
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Fic. 2.—The variation of radius with composition for assigned central temperatures 
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Fic. 3.—The variation of central density with composition for assigned central temperatures 


The second, third, and fourth columns of this table give Kuiper’s values. The remaining 
columns have been calculated according to our scheme. We first obtain a value for 
R/Ro of the star, which may be compared with the corresponding observed value 
(Kuiper) in the fourth column. The agreement is as good as may be expected. Only in the 
case of the last two stars, viz.,a CMi A and ¢ Her A, is the agreement not as satisfactory 
as in the other cases; but such discrepancy in the value of R need not be considered seri- 
ous—besides, factors other than those we have assumed might also have intervened. The 
fact that the calculated values of R exceed the observed values only in these two cases 
(the fact is opposite in all previous cases) is probably significant. ; 


6 Ap. J., 88, 486, 1938. 
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The last three columns give the calculated values of X, T., and p,., according to our 
scheme, together with those furnished by the standard-model formulae, these last values 
being taken from Chandrasekhar’s Stellar Structure (p. 489). With regard to the stars 
of Kuiper’s table, which are not shown in our Table 2, it has been found that their repre- 
sentative points in Figure 1 (Log L-Log M diagram) all fall much outside the diagram, so 
that the cases of these stars cannot be considered by the present scheme. For instance, 
the L-M values of the stars a CMi B, O, Eri B, O. Eri C, a CMa B, Kr 60 A, and yu Her- 


BC indicate too low central temperatures (very much below 19 X 10° degrees), whereas 
those for the stars a Aur A, a Aur B, a CMa A, and ¢ UMa A indicate central tempera- 
tures very much higher than 22 million degrees. An extension of our scheme is necessary 
to include the cases of these stars. 


TABLE 2 
COMPARISON OF THE CALCULATED AND OBSERVED VALUES OF THE RADII OF SOME STARS 
AND THE CALCULATED VALUES OF THEIR HYDROGEN CONTENT, 
CENTRAL TEMPERATURE, AND DENSITY 
































' | 
| R/RO x T-* 10-8 Pe 
~ L/Lo | M/O | | 
ame (Oss.) (Oss.) | j (Stand- (Stand- (Stand- 
| (Obs.) | (Cale.) | (Calc.) ard (Calc.) ard (Cale.) ard 
| Model) Model) Model) 
a te 0.81| 0.72} 0.81] 0.87} 0.21} 0.25} 20.9} 20.9] 51 | 100.0 
a CT: ere 0.07 0.47 |} 0.56 | 0.62 23 34 18.0 17.8 93 19.5 
a CenA.. 1.26 1.10 4.25 | 1:15 | 37 36 20.4 | 17.0 44 45.7 
aCenB.. 0.37 0.87 0.87 | 0.91 | 36 | 43 19.0} 17.8 59 100.0 
~BooA........| 0.48} 0.87} 0.87] 0.95 | 35 | 39} 19.5} 18.6 54 95.5 
SE es sy 0.15} 0.76) 0.80; 0.80; .35| .48| 18.0] 16.2 75 | 117.5 
WOEI. os se. 0.42 0.89 0.93 | 0.95 36 42 19.3 17.4 55 85.1 
70 Oph B....... 0.14 0.74 0.69 0.77 36 | 50 17.6 9733 83 166.0 
re, 4, 5.76 1.48 1.70 | 1.38 36 | 31 22.5 17.8 29 23.4 
Cer Ae... < .<.. ch ee 0.96 | $55 1° 225 | @: ZZ: (2 O32 23.0 13.5 34 98 


III. DISCUSSION OF THE RESULTS 


It is seen from Table 1 that, as the central temperature varies from 19 to 22 million 
degrees and the hydrogen content from 15 to 95 per cent, the mass of the stellar body 
varies from 0.4© to about 30, its radius from 0.6R© to about 2RO, and the luminosity 
from 0.1 L© to about 33 LO. It has been shown that for given T, the four quantities, 
L, M, R, and p, may be considered as functions of X alone (Y = 0). Of these, L happens 
to be monotonically increasing with X, while M and R have their maximum at X~0.9 
and 0.8, respectively, and p,. has a minimum at X¥~0.7. This behavior is indeed a conse- 
quence of neglecting the He content and follows easily from theoretical considerations. 
Thus 


L«X(1+3X)*”; M?« (1+3X)*[f(X)]”, (15) 
and 
1 
fo : 1/3 . FO hi A 16 
Re (1+3X)[fO01; — plaaegy, (16) 
where 


f(X) =X (1—X%) (14+3X). (17) 
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It may also be noted from Table 1 that for stars of approximately the same mass, as 
X decreases, R increases. This conclusion was also arrived at by Strémgren by his meth- 
od of calculation of the hydrogen content. Here we arrive at the same result from the 
point of view of Bethe’s law. Further, as a star of given mass burns hydrogen more and 
more (X decreases), we find from Table 1, or Figure 1, that its central temperature in- 
creases and the central density diminishes. These consequences follow generally from 
Bethe’s law of energy generation. 

In Table 2 we note that stars in which energy generation takes place in good or fairly 
good agreement with Bethe’s law have their hydrogen content ranging from about 20 to 
40 per cent. This is quite in accordance with Strémgren’s conjecture. It is also interesting 
to note that for the majority of these stars, X is approximately 35 per cent. So far as the 
central temperature is concerned, the observational material is well distributed between 
18 and 23 million degrees, approximately. It is thus permissible to conclude that Bethe’s 
law gives the correct amount of energy generation at least in stars with these ranges of 
central temperatures. Outside these ranges other factors, which we have previously men- 
tioned, are to be taken into account. A comparison with the standard model of the stars, 
for which the figures, so far as available, are given in the table, shows that, so far as the 
central temperature is concerned, there is fairly good agreement in many cases, though 
discordant results also exist. But as regards the central density, the standard-model 
values are generally very much higher. There are, however, a few cases where our calcu- 
lation gives a higher central density, but they systematically correspond to lower central 
temperatures. 

The fairly good uniformity of the variations in L and M with T. prompted us to obtain 
an empirical formula for the central temperature. We find that for the temperature range 
considered (19-22 & 10° K and with Z and M near about solar values) 


T, = 20 — *,° (Log M — 33) +4 (Log L — 33) (18) 
is a very good representation of 7, (in millions of degrees) in terms of Log Z and Log M, 
where M and L are measured in cgs units. When M and L are measured in solar units, 
the corresponding relation is 


T, = 20 — 3° (Log M+ 0.30) +4 (Log L+0.58). (19) 


This representation can be relied upon, up toa value of X~0.75, so long as T, lies within 
our limits. A similar representation for X in terms of Log M, and Log L has not, however, 
been found possible over a wide range in X. One simple formula valid for X in the neigh- 
borhood of 35 per cent may, however, be given, but we think it is best to take X from 
our Log M-Log L diagram (Fig. 1) by simple interpolation. 

We have noted that, though Table 1 extends over a wide range in X (15-95 per cent), 
the observational material available at present is confined within a narrow range of about 
20-40 per cent of the hydrogen content. This corresponds to approximately the solar 
values for the parameters (ZL, M, and R) and may be significant. Then one has to expect 
that, for the above ranges of central temperatures, stellar masses and luminosities of the 
order of solar values only are possible and that their hydrogen content lies within that 
range. In the future we may obtain further material going outside the narrow range of X 
(20-40 per cent), with corresponding deviations from solar values. In any case, we note 
that for central temperatures up to about 22 million degrees, a stellar body of large mass 
(exceeding 3©) and large luminosity (exceeding 33L©) is inconsistent with Bethe’s law. 
Although we have here limited ourselves to central temperatures up to only 22 million 
degrees, it appears unlikely that for even higher central temperatures very large stellar 
masses will be permitted by Bethe’s law of energy generation. 
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IV. CONCLUSIONS 


For a given composition, the parameters L, M, R and p, for stars of small masses can 
be approximately evaluated by the convective-radiative Cowling model, on Bethe’s 
law of energy generation when the central temperature varies from 19 to 20 million 
degrees. The model fits quite satisfactorily the energy-generation law under the condi- 
tions stated. From the observational material available at present, we may conclude 
that stars whose masses and luminosities do not differ much from those of the sun have 
their energy generated in accordance with Bethe’s law. Further, their central tempera- 
tures lie within or close to 19-22 million degrees; and their hydrogen abundance general- 
ly is about 35 per cent, though in several cases a low hydrogen content of about 22 per 
cent has also been calculated. A comparison with the standard model shows that the 
central temperature of this model is very often in agreement with the model constructed 
in accordance with Bethe’s law, but the standard-model central density is generally too 
high. As regards the hydrogen content, there is no general agreement, though some agree- 
ment is found to exist in several cases. 
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ABSTRACT 


A stellar model consisting of a convective core and an envelope in which the energy generation is of the 
form e« T is considered. It is found that the convective core extends to a fraction of 0.14 of the radius of 
the star and incloses 10.5 per cent of the mass. Further, the constants of proportionality in the equations 
for p-, T., P-, and L differ only slightly from those for the Cowling point-source model. 


1. Introduction.—In this paper we propose to consider a stellar model with negligible 
radiation pressure, in which the law of energy generation has the form 


€=e] , (1) 


where ¢ denotes the energy liberated per gram of the stellar material at temperature T 
and where ¢€o is a constant. The study of such a model has gained renewed interest for 
stellar structure since it became apparent that the liberation of gravitational energy in 
consequence of a slow secular contraction of the star must play an important role in dis- 
cussions relating to stellar evolution.' For under circumstances in which a star contracts 
homologously,” the rate of energy liberation is given by 


3y—-41dR k ,. (2) 


a Z 


y—-1 RdtyuH ' 


where R denotes the radius of the star and the rest of the symbols have their usual mean- 
ings. 
We should, however, point out that the study of stellar models based on the law (1) or 
(2) is not new. Indeed, since A. S. Eddington’s* discussion of the validity of his model 
“xn = constant,” it has been generally believed that the standard model on which stars 
are polytropes of index 3 describes the model ¢« T very closely. Moreover, Biermann 
made an exact integration of the equations of equilibrium for a special case, making due 
allowance for the radiation pressure. But it does not seem that an integration of the im- 
portant case in which the radiation pressure is neglected in the equation of hydrostatic 
equilibrium exists. It is the object of this paper to provide such an integration. 

2. The equations of the model.—In our discussion of the model based on the law (1) we 
shall suppose that, in the parts of the star where the radiative gradient obtains, the law 
of opacity is the conventional law of Kramers: 





K = Kkopl 3-5 , (3) 
With this law the standard equations of equilibrium 
k d(pT)  GM(r) . dM (r) | , 
eH dr yz PS * a ad me 


1 Cf., e.g., M. Schénberg and S. Chandrasekhar, Ap. J., 96, 161, 1942. 
2 For a discussion of the conditions under which such a contraction can take place see L. H. Thomas, 
M.N., 91, 122 and 619, 1930. 
3 The Internal Constitution of the Stars, pp. 114 ff., Cambridge, England, 1926. 
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— d ok (r) dL (r) 
apr _ R.. ’. 2T—3.5. hi ms ry 
dr 4ncr? ° sie dr Seat es (3) 








valid everywhere except in the convective core at the center, can be reduced to the non- 
dimensional forms 


d(c6) = go . dy _.,, 
pt glo» (ale a > 
and 16 Oro? dd 
o Or _ pos es 
de 2008' gE e | 


by the transformation 


r=R¢é; p= poo; T=T,0 ; M(r) =My; L(r) =Zydy, (8) 


- M H GM 
mens Og ee C 
aetna te ae (9) 
and 
3R2 ‘po 3 ps 
> si, tag ect are aie‘tiallk eos tpectas ei 0 
C= For Tos Kolo TéracR Tis (49) 


It is found that, as we approach the center of the configuration along a solution of the 
equations (6) and (7), the radiative gradient becomes unstable at a determinate point, 
where the effective polytropic index becomes #. At this point the convective equations 
must accordingly replace the radiative, and 


o= 937; (11) 


and the equations (6) can be reduced to the Lane-Emden equation of index 3. 

3. The construction of the model.—Near £ = 1 the equations (6) and (7) can be approxi- 
mately integrated. For in the immediate neighborhood of the boundary of the star, 
M(r) and L(r) remain constant to a high degree of accuracy. Accordingly, letting y and 
\ have their respective boundary values, which we shall denote by y and Ay, the first of 
the two equations in (6) and (7) can be re-written in the form 


d(o6) yy 1 6% 


d(@) 40 o 3 le 
and 
d (6*) i 40\,0° 
eae eo Fa 93.5 * (13) 
Now let 
eae 
Se 208) 17/4 S; d= O i. t (14) 
and 
3 
cod, te 


Introducing these substitutions into equations (12) and (13) and making the further sub- 
stitutions 

; nu 
A,” = 2 ra : (16) 
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we have F 
ac) -=u— sg? ” 
i ou -— u (17) 
and 2 ve 
Uu z 
be on $Y 18 
dé 8 Fu? Si 


The solutions of equations (17) and (18) satisfying the boundary condition that z and u 
tend to zero simultaneously are 





22-=1hu; hekatadh 3 4 (19) 
The corresponding solutions for o and @ are 
i a M1 | 
= = gw!?: 6=— Pu. (20) 
hit vi 


For any specified value of Q the foregoing equations will enable us to derive a, @, and the 
various other quantities for some value of — < 1. In practice it is found that these equa- 
tions provide sufficient accuracy up to — = 0.92. 

For values of £ < 0.92 the solutions thus started will have to be continued by numeri- 
cal methods. For this purpose it is convenient to introduce the variable 


1 
r= (21) 
g 
and to re-write equations (6) and (7) in the forms 
d(c@)_ .,.. dy a 7 
dx se al dx ~—s x4 <2) 
and F 
1a A, nO (23) 
dx g-5 dx x 


Owing to the nature of the differential equations to be solved, it is found more conven- 
ient to do the integration in terms of logarithmic variables. Using an asterisk (*) to de- 
note the logarithm to the base 10, we have 


o*=log a; 6* =log 0; y*=logy; x* = log x ; A*=logX. (24) 





Let . 
g=a0; (25) 
then 
g* =log g=log o+log 0. (26) 
The equations to be integrated then become 
dg* «x 
mg = 1 lt tort rtp 
qe =v | | 
* a 
= —2 T= — 10-80 + | 
dx y x ( (27) 
eB Ordo? =Q 102*ta++20*—7.50" 
dx* grr? ~" 
dr* bc 
ae ee a ce I te —AO— 8 
2” Ax ) 
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It is thus seen that for any specified Q the equations can be integrated, starting from 
the boundary and going inward. However, as we go along such a solution, a point is gen- 
erally reached where the radiative gradient breaks down. This point, &;, where the con- 
vective gradient sets in is defined by the place where the effective polytropic index 

1 08 >y 


oe ho | 


TABLE 1 
MASS, LUMINOSITY, TEMPERATURE, AND DENSITY 
DISTRIBUTIONS FOR THE MODEL e« T 





1 (28) 

















t | v r t) | ¢ 
1.0000..........) 1.0000 See SPE eet om 
Sere 1.0000 1.0000 | 0.0073 |........... 
0.9000. .......:-) VQRMR 4 10 1 bees ces 
7, ers S Oe) | 2 | OR icc ss 
0.8810..........| 0.9999 | 1.0000 | .0318 | 0.0063 
eer | 0.9096 | 1.0000 | 0414 | 0.0145 
ee 0.9993 .| 1.0000 | 0514 | 0.0272 
Spee FS 0.9984 | 1.0000 | .0632 0.0538 
0.7645..........| 0.9975 | 0.9999 | 0724 0.0842 
0.7342... .......| (OS 0.9997 0851 0.1410 
0.7082..........1/ O92 0.9994 0983 0.2258 
fs eee | 0.9891 0.9991 1120 0.3455 
eae 0.9811 | 0.9981 1336 0.6093 
0.6118........... 0.9739 | 0.9971 1486 0.8594 
0.5756..........| 0.9600 0.9948 1721 1.3783 
0.5528..........| 0.9484 0.9927 1884 1.8424 
0.500... ...:.3.1°. Oe 0.9885 2137 2.7585 
0.4896..........| 0.9011 0.9825 | .2401 3.9917 
O.408. «6g <. | 0.8588 | 0.9716 |  .2767 6.2392 
0.4163..........{ 0.8026 | 0.9566 3146 9.3058 
0.3839..........| 0.7504 | 0.9373 3535 13.3010 
0.3540..........| 0.6869 0.9135 3929 18.2850 
0.3264..........] 0.6196 0. 8858 4317 24.2826 
2... 2 | 0.5165 0.8382 .4903 34.8168 
= SRN | 0.4172 0.7868 5460 46.7441 
A oes 0.3274 0.7354 5984 59. 1696 
eee 0.2504 0.6875 6469 71.2087 
08........4- Cae 0.6329 7054 85.4250 
Ce. .....0.1 0.5854 .7642 98 0942 
© gi55555; 0.0551 | 0.1966 8214 109.4 
ee | 0.0227 | 0.0430 8682 118.9 
a | 0.0060 0.0036 9017 125.9 
0.0219 QM, eas. | 9206 129.8 
MEE RE, WA ah Ser ayee foe one ee 130.8 





becomes 3. The solution interior to &; must be described by a Lane-Emden function 
63,2. For an initially arbitrary choice Q, the solution obtained by the integration cannot be 
fitted to 63,2. The condition that the fit be made determines Q. Now the conditions at the 
interface are that the values of the temperature, pressure, and mass of the core should be 
identical at the interface, along with the condition that the effective polytropic index n 
attain the value 1.5 at the interface. We then have 


P(r;)-=P(ri).; T(r). =T(ri).; M (7;).=M (1;).; n=1.5, (29) 
where P, M, and T denote the total pressure, the mass within the radius r, and the tem- 
perature, respectively, and where c refers to the core, e to the envelope, and i to the in- 
terface. 
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Introducing the homology invariant quantities uw and 2, defined as in Chandrasekhar’s 
Stellar Structure (pp. 146 ff.), we have for the conditions at the interface: 


Amp. (ri) ri o S 
=  -hCU , = —_-— xi 0 
7 M, (rj) ” y s* rr. (3 ) 
and 2GM.(r.) wi dy 
One EAL OD fe 
Ser le ime (5 ot nh (31) 
140 * 

















J. i 
08 1.0 
Fic. 1.—The temperature distribution in the Fic. 2.—The density distribution in the model 
model with a gravitational source of energy. with a gravitational source of energy. 
In terms of logarithms these conditions become 
log a, = p* — 0* —3x* —y* ; (32) 
anc ts IZ 
log v9, = — 0.397940 +yY*+ x* — 6*. 
The envelope equations were integrated for values of log Q = —5.7265, —5.85, —5.9, 


—6, and —7. All calculations were carried out logarithmically to six decimal places. 
When the point was reached at which the radiative gradient broke down, u, and v, were 
calculated. For the regions of the star inside r = r; the Fairclough‘ solutions of the Lane- 
Emden equation of index } were used. 
4, Results —From the integrations we find that 
log Q= — 5.8864 ; u. = 2.6647 ; v.= 0.3885, } 

£,= 0.1419; y; = 0.1050; A, = 0.5854, > (33) 

6; = 0.7642 ; a; = 98.0942 ; 
and from equation (10) 
log ko = 24.8379. (33’) 
4 M.N., 92, 645, 1931-1932. 
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By interpolating in the Lane-Emden tables we find that 6?/? = 0.7501. This determines 





the central value of o. For, we must have® 








o,= 0.02". (34) 
From equation (34) and the known value of 6?/? (= 0.7501) 
o, = 130.8. (35) 
sa | 
0.8 + 
0.6 | 
»N 
Of = 
0.2} 
fe) l l l j 
QO 0.2 o4 06 0,8 1,0 
3 
Fic. 3.—The luminosity distribution in the model with a gravitational source of energy 
Also, since - 
p= tak 3 po (36) 
and rs 
- Pc = Pot (3 /) 
we find 
p. = 43.6p (38) 
Moreover, 
o:0;= K0,°6;" (39) 
or 
K = 0.0359: (40) 
and 
o,.0.= Kor’, (41) 
or 
. 6.= 0.9251. (42) 
Finally, we have 
p. = 43.6) , ) 
‘a -, #H GM 
T, = T)6, = 0.9251 ——- —— 
: k R | 
k - GM? , (43) 
P.=— p.T, = 9.625 — 
1 M-5 
L= 6.885 K 107%4——— p75 
. ‘. Ko R®5 . ae 


where L, M, and R are expressed in the corresponding solar units. 


5S. Chandrasekhar, An Introduction to the Study of Stellar Structure, p. 87, Chicago: University of 


Chicago Press, 1939. 
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5. Conclusions.—It is found that the convective core extends to a fraction 0.14 of the 
radius of the star and incloses 10.5 per cent of the mass. The march of y, A, 0, and o for 
this model is shown in Table 1 (see also Figs. 1, 2, and 3). Further, we notice that the 
constants of proportionality in equations (43) differ only slightly from those for the Cow- 
ling point-source model. 


I wish to express my thanks to Dr. S. Chandrasekhar for suggesting this problem and 
for many helpful discussions. 
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ABSTRACT 


In this paper it is shown that the continuous absorption coefficient of the negative hydrogen ion is 
most reliably determined by a formula for the absorption cross-section which involves the matrix ele- 
ment of the momentum operator. A new absorption curve for H~ has been determined which places the 
maximum at A 8500 A; at this wave length the atomic absorption coefficient has the value 4.37 X 1077 
cm?, 


1. [ntroduction.—In earlier discussions! by the writer attention has been drawn to the 
fact that the continuous absorption coefficient of the negative hydrogen ion, evaluated in 
terms of the matrix element 


B= §W* (4 +17) V.d7 (1) 


(where Wa denotes the wave function of the ground state of the ion and V, the wave 
function belonging to a continuous state normalized to correspond to an outgoing electron 
of unit density), depends very much on Wy in regions of the configuration space which 
are relatively far from the hydrogenic core. This has the consequence that the absorption 
cross-sections are not trustworthily determined if wave functions derived by applica- 
tions of the Ritz principle are used in the calculation of the matrix elements according to — 
equation (1). This is evident, for example, from Figure 1, in which we have plotted the 
absorption coefficients as determined by Williamson? and Henrich,’ using wave functions 
of the forms 


Wa = Me? (14+ Butyl + 6s +es?*+ fu’) (2) 
and 
Wa = Me? (1+ But yl? + 6s tes? + Fu? + x ett + x08 \ (3) 
+ xsttu? + xel?u? + Xi017?u*) ‘ 


respectively. (In eqs. [2] and [3] 91 is the normalizing factor; and a, B, y, etc., are con- 
stants determined by the Ritz condition of minimum energy, 


S=fretnr,, t=fe-—11, and “=, (4) 


where 71, 72, and 732 are the distances of the two electrons from the nucleus and from each 
other, respectively.) The wide divergence between the two curves in Figure 1 is too large 
to be explained in terms of only the improvement in energy effected by the wave function 
(3): it must arise principally from the fact that in the evaluation of the matrix elements 
according to equation (1) parts of the wave function are used which do not contribute 
appreciably to the energy integral and are therefore poorly determined. Indeed, this sen- 


1 Ap. J., 100, 176, 1944; also Rev. Mod. Phys., 16, 301, 1944. 
2 Ap. J., 96, 438, 1942. 


3 Ap. J., 99, 59, 1944. 
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sitiveness of the derived absorption coefficients to wave functions effecting only relatively 
slight improvements in the’ .ergy makes it difficult to assess the reliability of the com- 
puted absorption coefficients. However, in this paper we shall show how these difficulties 
can be avoided by using a somewhat different formula for the absorption cross-section. 

2. Alternative formulae for evaluating the absorption coefficient.—It is well known that 
in the classical theory the radiative characteristics of an oscillating dipole can be ex- 
pressed in terms of either its dipole moment, its momentum, or its acceleration. There 
are, of course, analogous formulations in the quantum theory, the matrix element 








(a|z.|b) = Sy*z War (5) 
are 
- 
3 
% wu 
2 I r 
! = 
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ie) 2000 4000 6000 8000 10000 12000 14000 16000 


— 


Fic. 1.—A comparison of the continuous absorption coefficient of H~ computed according to formula 
(I) and with wave functions of forms (2) (curve J) and (3) (curve JJ). The ordinates denote the absorp- 
tion coefficients in units of 10~!? cm?; the abscissae, the wave length in angstroms. 


for the co-ordinate 2; of the jth electron in an atom being simply related to the corre- 
sponding matrix element of the momentum operator or the acceleration. Thus, we have 


the relations 


Mi ae 1 as Ove m a | 
(a) a | b) a (E,, —F;) a dr = T 5 — fv a2; ar (6) 
and , av 
a * 7 
(a| 25|b) =a ae af vi 5 ved (7) 


if all the quantities are measured in Hartree’s atomic units and where E, and E, denote 
the energies of the states indicated by the letters a and 6 and where V denotes the poten- 
tial energy arising from Coulomb interactions between the particles. More particularly 
for an atom (or ion) with two electrons, we have 


ue = SWi (21+ 22) V.dr , (8) 
oe eer ee (SS 5) ( 
ee EBs ay? dell (9) 
and 
21 22 
Ee sar beh 42 awed (10) 


While the foregoing formulae are entirely equivalent to each other if Vag abd Y, are exact 
solutions of the wave equation, they are of different merits for the evaluation of u, if ap- 
proximate wave functions are used. Thus, it is evident that formula (8) uses parts of the 
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configuration space, which are more distant than relevant, for example, in the evaluation 
of the energy; similarly, formula (10) uses the wave functions in regions much nearer the 
origin. It would appear that formula (9) is the most suitable one for the evaluation of 
u:, particularly when wave functions derived by applications of the Ritz principle are 
used. The calculations which we shall present in the following sections confirm this an- 
ticipation; but before we proceed to such calculations, it is useful to have the explicit 
formulae for the absorption cross-sections on the basis of equations (8), (9), and (10). 

In ordinary (c.g.s.) units the standard formula for the atomic absorption coefficient 
x, for radiation of frequency », in which an electron with a velocity 2 is ejected, is 


322‘ m? ‘6? 
3hic 
where m, e, h, and c have their usual meanings. (In writing eq. [11] it has been assumed 


that the electron is ejected in the z-direction; see eq. [15] below.) By inserting the numeri- 
cal values for the various atomic constants equation (11) can be expressed in the form 


x» = 8.561 X 10-9 (v2 | u,|2) cm? , (12) 


where & denotes the momentum of the ejected electron and va the frequency of the 
radiation absorbed, both measured in.atomic units, and where, moreover, the matrix 
element yz has also to be evaluated in atomic units. 

If J denotes the electron affinity (also expressed in atomic units) 


4avy, =k? +21 , (13) 


and depending on which of the formulae (8), (9), and (10) we use for evaluating x,, we 
have 


Li, = 


-vo| SW (si + 22)V.dr\?, (11) 





ky = 6.812 10-2 (k2 + 27) | SWE (214+ 22) V.dr|2. (1) 
-. —_ —19 
ky = 2.725 X 10 Te _— srg wk (+3 °-) dr | (IT) 
and : 
= 1,090 x 107'8 - = **) del . 
1.090 10-8 2, ion fu G +7) wear | (1) 





Finally, we may note that if \ denotes the wave length of the radiation measured in 
angstroms, then 
oe 911.3 4 (14) 
PP 

3. The continuous absorption coefficient of H~ evaluated according to formula (ITT).— 
As we have already indicated, in the customary evaluations of x, according to formula 
(I) the relatively more distant parts of the wave function are used. It is evident that we 
shall be going to the opposite extreme in using the wave function principally only near 
the origin if we evaluate x, according to formula (III). For this reason it is of interest to 
consider first the absorption coefficient as determined by this formula. 

In evaluating x, according to formula (III), we shall use for Ya a wave function of 
form (3) and for ¥, a plane wave Perera of the outgoing electron: 


Vv. = (e7" +ikz a e-rstikz,) , (15) 


5 Qn 
(In $ 5 we refer to an improvement in ¥, which can be incorporated without much diffi- 
culty at this stage.) For V4 and W, of forms (3) and (15) the evaluation of the matrix 


element 
fui (+5) W.dr . (16) 
r r) 








226 S. CHANDRASEKHAR 


is straightforward, though it is somewhat involved. We find 


Sv Gr ~ + — si) Wed r = — (204808) 18 due | ne 
7 
| 
) 


+ Dajeye — 8 +0)! {Sesvma Dace ob, . 
) 


7= € 


where we have used the following abbreviations: 


YP (p) — yl Dy ‘Os ,__ Sin ky idy i= —) —] 
L's 7 e7 (: cos ky ; yidy (j P ere 
= (j—1)!p!{ jpk cos[ (j +1) €] —sin f€} (721), | 
=pkcosti—é (7 =0), f (18) 
=pit—k (j= -1). | 
5( ‘) , 
=—( pk-—— (j= —2). 
g\P*——s ] ) 
SW) = Fl e-»vy/ sin ky dy (j= —1,0,....). 
edd , ; ' > 19 
= j!p’*! sin[ (7 +1) €] ope@ts....). | (19) 
| 
=Z (j= —-1). ) 
and 
c= f e~Pvy? cos ky dy = j!p’t! cos[ (7 +1) &] (Fe Docs dy] 
| (20) 
=f" ery (e” —cos ky) oY oh 8 (52. sec £| ) (j= —-1). } 
where 
p= anes, nen and ¢= tan! : (21) 
(k? + p?) 2 p 
and 
l»=44q°6 , 


1, = 1+q4 ($8+6) +129? (yte+¢) +3609! (xe+x9) + 20,1609° (xr +x8+x10) , 
(6+6) —6q (y—€) — 12093 (2x6+x9) —504095 (3x;+2x3+x10) , 


l; —_ “eat (ytet+¢) + 24¢q’ (3x6+x9) +1 20q! (45x7+21xs+ 13x10) a 


~ 
II 
ee 


ie = ie (3x6+ 2x9) —4093 (30x7+13x5+1 2x10) 
ls = (xeth x9) +49? (45y7+29x3+21 x) . 

l, = oo 2q (9x7 +12xg+7 x10) . 

Is = xr+ 45! (xst+x10) - 





1 
Ie = ~ 3q (xs+ 2x10) ; 








bo 
bo 
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ee ae. 
A-2 = —48q’; a 15q’ 
i = § Bq mi \o = cn. 2 \ (23) 
1 6 7 7 30q?’ 
B 
ie. ee cs 
Ao = 5 8 3 3043 ’ 
where 
Prom ae (24) 
ne Te? 
and 
a_; = 6n' [4nk? (Sat — 10a2k? + k4) + (at — 602k? + k?4) | , } 
do = Ona [16nk? (a® — k?) + (a? — 3k?) J, | 
a, = 3n? [4nk? (3a? — kh?) + (a? —k*) J, | (25) 
o; = ga (Og +1). | 
a3>= nk? ’ 
b_, = + 24ntak [yn (at — 100°k* + 5k*) — (a? — kk?) ]. ) 
by = —6n*k [4 (a4 — 602k? +k) — (3a2— #2) ], | 
by = —6n2ak[2n (a? — 3k?) — 1]. " (26) 
| 
by = — nk [4n (a? —k?) — 1]. | 
b= — nak ‘ ) 
where 
= (q?+2)-!, (27) 
Putting x, = x7=. = x10 = 0 in the foregoing equations, we shall obtain the for- 


mulae which can be used with a wave function of form (2). 

By using for the constants of wave functions (2) and (3) the values determined by 
Williamson and Henrich, the atomic absorption coefficient x, has been computed ac- 
cording to the foregoing formulae for various wave lengths. The results of the calcula- 
tions are given in Table 1 and are further illustrated in Figure 2. It is seen that, in con- 
trast to what happened when formula (I) was used (cf. Fig. 1), wave function (2) now 
predicts systematically /arger values for x, than does wave function (3). The divergence 
between the two curves must now be attributed to the overweighting of the wave func- 
tion near the origin, where it is again poorly determined by the Ritz method. 

4. The continuous absorption coefficient of H~ evaluated according to formula (II).— 
Finally, returning to formula (II), which would appear to have the best chances for 
determining x, most reliably, the calculations were again carried through for wave func- 
tions Vz of forms (2) and (3) and for , of form (15). Before we give the results of the 


calculations, we may note that for Wy of form (3) and for Y, of form (15) 


‘ Bil <--) — — (204843) jy aaa. 
ike Fat 5a) Rae — (20 ae 








w ; = (28) 
fi yal d Pitz) 4 fe = $ So) + ys 3 ie” 
j=-1 4 


) 
\ 





TABLE 1 


THE CONTINUOUS ABSORPTION COEFFICIENT OF H- COMPUTED 
ACCORDING TO FORMULA III AND WITH WAVE FUNCTIONS 
OF FORMS (2) AND (3) 


























Kx X 10!? cm? ky X 10!7 cm? 
d (A) d (A) wey he 
With Wave | With Wave With Wave | With Wave 
Function (3) |Function (2) Function (3) |Function (2) 
|! i 0.225 0.241 i oe §:473 6.732 
| 0.955 1.010 7000. 55. §:225 7.070 
eee 1.459 1.538 | 5.204 7.333 
Se 2.010 2335 | ae 5.106 7.496 
Gee. hos 2.580 2.752 9000...... 4.946 7.567 
| 3.139 3.400 9500: ...<. 4.724 7.536 
eae 3.657 4.046 10000...... 4.453 7.411 
RD iintn bap 4.118 4.676 i | i 3.031 5.952 
| 4.505 5.211 140003... 1.407 3.809 
| 4.812 5.820 16000... ...4; 0.149 0.401 
1 5.036 6.310 
8 — 
7 _— 
6 — 
5 b— 
I I 
ey 
Kw OF 
3 —s 
2 _— 
. 
| b—— 
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Fic. 2.—A comparison of the continuous absorption coefficient of H~ computed according to formula 
(III) and with wave functions of forms (2) (curve J) and (3) (curve //). The ordinates denote the ab- 
sorption coefficients in units of 10 *’ cm?; the abscissae, the wave length in angstroms. 
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where 
1,=468q; h=0; h=-—£q. 
lp = — 2gf —40q%x9 — 168095 (x3 + 2x10) . 
ls = 16.9*x,+ 9604! (xs + x10) . (29) 
ly = — 2qx9 — 8093 (3x53 + 2x10) . 
I, = 329? (xs + x10) ; ls = — 2q (xs+ 2x1), 
h1= —48qg*; X= —48q?; i= —Bq, (30) 
So = 48", 
$,= 1+3¢6+12 9? (yte+¢) +3609! (xe+x9) +20,1609° (x7+xs+x10) , 
so= (6+8) —6q (y—e€) — 1209? (2x6+x9) — 504095 (3x7+ 2xs+x10) , 
S3= (ytetf) +24? (3xe+x0) +120g4 (45x74 21 xs 13x00) , 
54 = —6q (2x6+x9) — 8098 (15x7+6xst+5 x10) , Bai 
55 = (xetx0) $4g? (45x74 21 xst+13 x10) . 
56 = —69 (3xr+2xs+x10) . | 
St = xr +xstx10 
and 
oo= —48q?; o1= —Bq. —7 


Further, in equation (28) the quantities ¥\”), S‘?), and q have the same meanings as in 
equations (18), (19), (21), and (24). 
TABLE 2 
THE CONTINUOUS ABSORPTION COEFFICIENT OF H~ COMPUTED 


ACCORDING TO FORMULA IT AND WITH WAVE FUNCTIONS 
OF FORMS (2) AND (3) 


l| 




















| 
ky X 10%? cm? | ky X 10!7 cx? 
| | 
d (A) A (A) 
With Wave | With Wave || With Wave | With Wave 
Function (3) |Function (2) | Function (3) |Function (2) 
ajatecbteaes 4 Se 
1000.......} 0.271 0.270 || 7000...... | 4.174 4.113 
; eA 0.945 0.991 || 7500...... | 4.296 4.080 
1.335 1.461 || 8000...... | 4.363 3.993 
3000.......| 1.730 1.955 || 8500...... | 4.372 3.858 
SG b> is 2.119 2.437 || 9000......| 4.324 3.682 
4000....... 2.498 2.880 || 9500...... | 4.221 3.471 
ee. 5... 2.860 3.265 || 10000...... | 4.065 3.233 
. ... 5. 3.197 3.581 || 12000...... | 2.995 2.108 
Sees... ks 3.504 3.822 || 14000...... 1.502 0.954 
: 00.......1. 378 3.989 || 16000...... 0. 167 0.097 
6500.......| 3.998 | 4.084 || | 











The absorption cross-sections, as calculated according to formula (II), and the fore- 
going equations are given in Table 2 and further illustrated in Figure 3. It is seen that, as 
anticipated, the two curves now do not diverge more than can be reasonably attributed 
ula to the betterment of the wave function in consequence of the increased number of param- 

ab eters used in the Ritz method. 
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5. Concluding remarks.—A comparison of Figures 1, 2, and 3 clearly illustrates the 


superiority of formula (II) for the purposes of evaluating the continuous absorption co- 
efficient of the negative hydrogen ion. The general reliability of the absorption cross- 
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Fic. 3.—A comparison of the continuous absorption coefficient of H~ computed according to formula 
(II) and with wave functions of forms (2) (curve 7) and (3) (curve J/). The ordinates denote the ab- 
sorption coefficients in units of 107!” cm?; the abscissae, the wave length in angstroms. 
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Fic. 4.—A comparison of the continuous absorption coefficient of H~ computed according to formulae 
(I) (curve J), (II) (curve /7), and (III) (curve J//) with a wave function of form (3). The ordinates de- 
note the absorption coefficients in units of 10~!? cm?; the abscissae, the wave length in angstroms. 


sections derived on the basis of formula (II) and wave function (3) can be seen in an- 
other way. In Figure 4 we have plotted x, as given by the three formulae and as obtained 
in each case with wave function (3). It is seen that, while the cross-sections given by for- 
mula (II) agree with those given by formula (I) in the visual and the violet part of the 
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spectrum (A < 6000 A), they agree with those given by formula (III) in the infrared 
(X > 12,000 A). This is readily understood when it is remembered that on all the three 
formulae the absorption cross-sections in the infrared are relatively more dependent on 
the wave function at large distances than they are in the visual and the violet parts of 
the spectrum. Accordingly, it is to be expected that, as we approach the absorption limit 
of H~ at 16,550 A, formula (IIT) must give less unreliable values than it does at shorter 
wave lengths; formula (I), of course, ceases to be valid in the infrared. It is also clear 
that, as we go toward the violet, we have the converse situation. 

Summarizing our conclusions so far, it may be said that in the framework of the 
approximation in which a plane-wave representation of the outgoing electron is used, 
formula (II), together with wave function (3), gives sufficiently reliable values for the 
absorption coefficient over the entire range of the spectrum. Attention may be particu- 
larly drawn to the fact that the maximum of the absorption-curve is now placed at 
8500 A, where m = 4.37 X 107 cm’. 

The question still remains as to the improvements which can be effected in the choice 
of W,. As shown in an earlier paper,‘ it may be sufficient to use for Y, the wave functions 
in the Hartree field of a hydrogen atom. On this approximation we should use (op. cit., 
eq. [15] ) 








$:\ foils ails rhage 
¥e= 5 \e p= (21+ 1) P, (cos d2) xi (72; &) 
a | (33) 
ae rl 
+ mm? 7; (21+ 1) P; (cos 3:) x2 (1; &) \, 

where x: is the solution of the equation 

d*xi 9 1(1+ 1) 2( *) —2r = 

Si + orn L+5 P b x= 0, oA) 


which tends to a pure sinusoidal wave of unit amplitude at infinity. We shall return to 
these further improvements in a later paper. 


It is a pleasure to acknowledge my indebtedness to Professor E. P. Wigner for many 
helpful discussions and much valuable advice. My thanks are also due to Mrs. Frances 
Herman Breen for assistance with the numerical work. 


‘Ap. J., 100, 176, 1944. 
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ABSTRACT 


The radial velocities of V386 Cygni, MW Cygni, VY Cygni, BZ Cygni, TX Cygni, SZ Cygni, and 
CD Cygni were determined from 113 McDonald Observatory spectrograms, taken in July and August, 
1944. The curve for BZ Cyg departs markedly from that determined by Joy on the basis of observations 
made from 1934 to 1936. 


In July and August, 1944, the Cassegrain spectrograph of the McDonald Observa- 
tory was used for observing seven faint Cepheid variables in Cygnus, selected by Bart J. 
Bok and F. J. Heyden of the Harvard Observatory for the purpose of determining the 
selective absorption in the direction of these stars. The spectral types were communicat- 
ed to Father Heyden, and some of the astrophysical results secured from them have been 
discussed elsewhere.' The spectrograms have now been measured for radial velocity, and 
the results are presented in Table 4 and in Figure 1. All seven stars occur in Joy’s paper 
on the “Radial Velocities of Cepheid Variable Stars.’”” For six of them he has given com- 
plete velocity-curves; for the seventh—V386 Cyg—he gave only four individual ob- 
servations but did not represent them by a velocity-curve. The purpose of my new ob- 
servations was to find whether any appreciable changes had taken place in the velocity- 
curves of these seven stars since the time of Joy’s work. 

The observations were obtained with two glass prisms and a 180-mm Schmidt camera, 
giving a linear dispersion of 76 A/mm at Hy. The slit was relatively wide, 0.2 mm, but 
this was reduced by the camera to a width of only 0.036 mm on the film. The star images 
were trailed over a slit length of 3 mm, so that the spectra were considerably widened. 
Table 1 gives the observing program. The ranges in photographic magnitude are from 
Joy’s paper. The spectral types have been estimated on the McDonald films. 

Table 2 gives a list of 21 standard stars, 39 plates of which were measured by Miss A. 
Johnson, Miss G. Peterson, or Mrs. M. Carlson. The measures were reduced in the usual 
way, except that no curvature corrections were applied. The result for each line was then 
subtracted from the standard radial velocity of the star, as given by Moore's catalogue 
of radial velocities,* and the corresponding corrections with their probable errors were 
applied to the adopted stellar wave lengths. Asterisks are used to designate those wave 
lengths which were actually measured in the Cepheids. The corrections are in several 
cases very large, and the wave lengths adopted differ appreciably from those commonly 
used. They are, however, best adapted to give results which are consistent with Moore’s 
system of radial velocities. 

The phases in Table 4 were computed with the elements given in the same table. The 
elements for V386 Cyg are due to Father Heyden. The second-order term for TX Cyg, 
given by Florja and Parenago, was neglected. The new velocity-curves of MW Cyg, VY 
Cyg, TX Cyg, and CD Cyg agree well with those of Joy, except that in the case of MW 
Cyg there is a slight horizontal shift in the two curves, suggesting that the period is a 


* Contributions from McDonald Observatory, University of Texas, No. 112. 
1 Struve, Observatory, 65, 269, 1944. 
2 Ap. J., 86, 363, 1937. 
3 Pub. Lick Obs., 18, 1932. 
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l'1G. 1.—Velocity-curves of Cepheid variables 
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little longer than the one used.‘ The new velocity-curve of SZ Cyg differs greatly from 
Joy’s, especially at maximum, but there were not enough Mount Wilson observations to 
be certain that the change is real. Only one of Joy’s observations—at phase 0.676, giving 
a velocity of —15.2 km/sec—departs greatly from the McDonald observations, which 
suggest for this phase a velocity of about +15 km/sec. The new velocity-curve of V386 


TABLE 1 


LIST OF CEPHEID VARIABLES 























| 5 P | M | No. of 
. | bat a | é | Mag. | x SED 
No. Star (1900) (1900) (In Days) | we, | Sp. S} sedis 
' eee eis RY OME Nelvana ine| SREP ewe sat e __|_ as 
De io seket lat | V386Cyg | 2151079 | +441°18’ | 5.2 | 10 -11 | F5-G1 | 16 
Bn aes ET MW Cyg 20 8.4 | +3235 | 60 | 10 -11 | F8-Gi | 15 
EE OS | VY Cyg 21 0.4 | +39 34 7.9 | 10.1-11.3 | F6-G1 15 
ee | BZ Cyg 20 42.6 | +4456 | 10.1 | 11.2-12.0 | F8-GS | 14 
eee | TX Cyg 20 56.4 | +4212 | 14.7 | 10.5-12.4 | F5-G6 | 14 
eee | SZ Cyg 20 29.6 | +4616 | 15.1 | 9.7-11.0 | F8-G8 i: 
Becperars a .| CD Cyg 20 0.6 | +33 50° | 17.1 | 9.0-10.5 | F8-KO | 22 
= | : eb: RL nde ees | | : 
TABLE 2 
STANDARD STARS 
| y ee eee aera = oe = ass oe | 
eet : Standard | No. of || = eee Standard No. of 
Name Sp. (HD) Velocity | Plates } Name Sp. (HD) Velocity einads 
SAad. . 2350) 2 — 7.14+0.3 : Bete cica oe + 7.6+0.1 1 
Se KO — 3.8+0.1 3 eo KO —18.1+0.2 3 
oe K5 +54.1+0.0 3 he a KO — 7.9+0.3 2 
aS or | 2 — 2.0+0.1 2 ae KO +13.9+0.3 1 
y Cyg......| F8p — 7.6+0.2 2 ie... . 5% KO —12.4+0.2 1 
Stee... 23) ES —19.9+0.9 2 S6Peg....... KO —26.9+0.4 1 
Pten:....\| Gk + 3.0+0.3 2 x Cep...... G5 —19.6* 1 
Ait...) +) ie + 6.7+0.1 2 PPOR 5 cee os GO —11.5+0.6 1 
MU os wot | KO + 5.24+0.3 3 ANAnd......| KO + 6.7* 1 
9Peg.......| G5 —22.74+0.2 | 3 nfo eee. | F8p —42.6+0.3 3 
GED. 2.0.4 | Ma +20.541.0 | 1 
| | 











| 
| 


* Spectroscopic binary. 


Cyg disagrees with one of Joy’s observations, namely, that of December 5, 1936, after his 
phases were recomputed with Heyden’s new period. But this period may not yet be suf- 
ficiently accurate. In the case of BZ Cyg the new velocity-curve is quite different from 
that of Joy and the difference looks real: it can best be described as a change in the mean 
velocity of the star. Joy’s result was —17 km/sec. The McDonald result is about —4 
km/sec. 

The illustrations in Plates XVI-XIX give the phases of the variables in days. 


4 A similar result has been obtained by F. J. Heyden from Harvard photometric data. 
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4 
TABLE 3 
WAVE LENGTHS OF STAR LINES 
aia | | 1s aaa 
reilminary - | evise 5 | r 
Wave Length | No. ae Wave Length P.E. Note 

(eae |}. 19 | 40.70. | 3997.94A $0080 1.552%... 
4005.25 46 | +042 | 4005.67 03 * 
4045.82 } Sst | 0.04 | 4045.78 02 . 
03.:@........1 32 | 012 “|? ae 02 * 
hn ee Ar RS TR t 
PS ee | SS | +0.19 | 4071.94 | 02 * 
| eee | 49 —0.19 | 4077.52 | 02 . 
ee } 49 | -016 | 4101.58 | 04 ‘ 
| ES 9 | +0.50 | 4128.42 | St es ©, ee 
4103°87_....... | 62 —0.40 | 4143.47. | 02 * 
4571 90......;.. | 45 | 41.13 | 4173.03 | 04 . 
4178.34. ....... Lae es Pes ora. site Se. Bees t 
ee | 14 i 27, =| ~— 4198.58 | Me Pe Os. 
4m 62...... ... | 28 | +0.32 | 4202.35 Ye Deets 
ao eae | 6 | +4006 | 4215.58 | Ce ee 
oe | “e +0.10 | 4226.83 | . ae hs 
re SY eae | 33 | +000 | 33.35 ft). 
4246.84........ | 30 | +0.23 | 4247.07 a eee 
oe” ee | 44 | +0.50 | 4254.84 | a Dee e 
4290.22 Boe +0.10 | 4290.32 | 03 | * 
4314.09........ nn oo ee oh 
ae | 70 0.00 | 4325.77 2 |. * 
4340.47 aa +0.01 | 4340.48 ee 
kk ee ee +0.18 | 4351.95 - fs 
4374.46 | 68 +0.61 | 4375.07 , a ee 
4383.55 fee +0.60 4384.15 \ ee 
4395.05........ | 36 +0.14 | 4395.19 | oe ae 
4400.38........ 44 —0.03 | 4400.35 . ee Tee. 
4404.75........| 44 +0.26 | 4405.01 (Saag ee: ee 
4415.16 56 +0.49 4415.65 ve B+ ae 
Te 49 +0.34 4435.35 Re Lae e 
4443.80........ 50 —0.69 4443.11 +0.04 . 








CEPHEID VARIABLES 

















* Used in Cepheids, as revised. 


t Used in Cepheids but not measured in standard stars. 
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TABLE 4 


RADIAL VELOCITIES OF CEPHEID VARIABLES 


DATE 
1944 


Aug. 


July 


Aug. 


July 


Aug. 


MIO Ulm Ge toe 


a 


21 
23 
26 
Zé 
28 
29 
30 


ww 
—_ 


ero Un hoe 


— et ee 


ee ee 
Oe NW DO Ulm toe 


7 
si 
is | 

2 


JD 
2431+ 


V386 Cygni 


PHASE 
(In P) 


Max.=JD 2428066.70+ 54273661 E 


11:00: | 
10:30 | 
10:42 | 
9:43 | 
13502° 
10:49 

11:00 | 
10:29 | 
a:t2 J 
CS a 
10:12. 3 
10:48 | 
$2585) 3 
9:19 
9:12 | 
11:10 | 


296 .96 
297 .94 
298 .95 
299 .90 
300 .97 
301.95 
302.96 
303 .94 
304.97 
305.97 
306.92 
307.95 
313.97 
314.89 
315.88 
319.97 


MW Cygni 


0.527 
pis 
.904 
.085 
. 288 
474 
666 
851 
046 
235 
415 
611 
BF 
.927 
114 
| 0.889 


Max.=JD 2425173.40+ 549550 E 


:40 
714 
335 
:02 
754 
731 
7§7 
° 29 
:33 
"$2 
»33 
239 
:28 
:06 
:34 


SNIDMMNAMNMNNMN AWA WO =~ 


9:24 
9:41 
8:44 
10: 


292.82 
294.88 
297 .73 
298.75 
299.75 
300.77 
301.75 
302.73 
303.73 
304.73 
305.73 
307.74 
313.77 
314.80 
316.86 


VY Cygni 


297 .89 
298 .90 
299 .86 
300 . 93 
301.92 
302.91 
303.89 
304.93 
306.83 
307 .90 
313.93 
314.84 
315.85 
316.81 
317.89 


0.611 
957 
435 
.606 
.774 
945 
ea 
ate 
443 
611 
779 
16 
.129 

302 

0.648 


ax.=JD 2423497.14+ 74856956 E 


0.846 
.975 
097 
233 
359 
485 
.610 
742 
.984 
.121 
.888 
.004 
| 


0.392 


| 
| 
| 


VEL. 
(In Km /Sec) 


me 
— 
AMwOnNnOnNnAnN COnmWNH oO 


+9 
—28 
—A 
_— me) 
=.40 
—34 
—22 


we! 


+19 


—26 


NR DUD He U1 BN OA 1 00 GD 00 


—_ 
— 
an 


| 
oo 
NOCORR 


aa 
a7) 
oS 


| 
So 
Ons 


— 34.6 
—16.9 
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TABLE hcl ~Continued — 


























| | 
PLATE DATE UT | JD | PHASE VEL 
Gf/2 1944 2 | 2431+ | (in P) (IN Km/SeEc) 
| | 
BZ Cygni 
Max.=JD 2426674.10+ 1041416 E* 
| 
Pe July 26 7:25 ; 297.81 0.915 —17.2 
OO nec ce kes 27 7:43 298 .82 015 —21.2 
apy RS Be 28 7:36 | 299.82 113 ~13.6 
SONS BEES 29 8:13 | 300.84 | .214 —14.4 
ea 30 7:48... 1,.. Se 1 311 — 9.1 
SP ie. 31 7:26 | 302.81 408 ~10.2 
ie! 44.5; ee Aug. 1 7:57 | 303.83 509 +16.7 
Rey Maes 2 7:33 | 304.81 605 +16.8 
a Cees 3 7:46 | 305.82 705 + 5.0 
Se 4 9:04 | 306.88 810 —14.8 
PS es: 5 7:39 307 .82 902 —13.2 
| ek aN A 11 | 8:18 | 313.85 497 — 58 
Re ih 12 9:17 | 314.89 600 +13.1 
eR one 14 | 11:09 | 316.96 0.804 — 3.3 
Pe ae. FR ee eS 
TX Cygni 
Max.=JD 2422290.94+ 14470791 E 
OO ccc idoructe July 26 | 8:50 297.87 | 0.387 | —28.9 
SPER Ie ES | 27 | 8:40 298. 86 454 | —29.4 
OU sin tsa sve ee 28 | 10:43 299.95 528 | —11.2 
ee inenlinaae 29 | 9:21 | 300.89 2 | =—48 
Oe ved tavcdty val 30 | 8:59 301.87 659 | +4.7 
aaa 24] 31 | =. 8:42 302. 86 726 | +12.3 
| eee ey a Se ae ee ee 83 | —15.3 
Rae aR ees 5. bee 305.87 | 931 —29.2 
Bes cancel 4 | 7:01 306.79 | .993 | ~32.8 
We cap eeies | 5 8:48 307.87 |  .067 —43.4 
ay 8 | 9:34 310.90 273 | —39.0 
eee nee ae ee 335 | 30.1 
MRS eae | 11 | = 9:23 33.0: | 4 | = 78 
ES es | 14 | 9:50 316.91 | 0.681 | +4413.9 
shes ENE SA te Se ae 
SZ Cygni 
Max.=JD 2426399.22+ 154111056 E 
s =e  ndlin joe 
| 
MR ear gt | July 21 9:13 | 292.88 | 0.846 —13.7 
TRS 24 11:00 | 295.96 | .050 —33.4 
Ee 26 6:24 | 297.77 |  .170 —38.4 
RAPER 27 6:56 | 298.79 | 238 —25.9 
ENE shy: 28 6:46 | 299.78 |  .303 —24.9 
WG ctatacs ses 29 7:16 | 300.80 | 371 —13.2 
” Rae OS 30 6:46 301.78 435 — 3.3 
OP iccunte | 31 6:21 | 302.76 | .500 + 4.0 
Mien Mae 1 Sa ae .567 + 3.6 
VER eee | 2 5:28 | 304.73 | 631 +15.6 
Say cas oe Shcees 3 6:43 | 305.78 | 700 + 7.1 
SE ATR 4 11:09 | 306.96 778 — 2.0 
Re 5 6:33 307.77 832 + 6.7 
Ee 8 5:35 | 310.73 .028 —37.9 
63... 9 5:41 311.74 095 —36.9 
RR | 11 7:18 | 313.80 231 —28.7 
oe. Oe 17 9:41 319.90 0.635 +24.6 
| | 
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TABLE 4—Continued 





PLATE DATE UT JD PHASE | VEL. 
Gf/2 } 1944 ee es (iw P) | (aw Ku/Sec) 
~~ Was a 
CD Cygni 
Max.=JD 2421501.04+ 174071343 E 

SR oe ..| July24 | 9:54 | 295.91 | 0.761 +19.5 
. ae ar. Fore 26 4:39 297 .69 | 865 — 0.4 

| LR 27 S24 |. 28.72 | 926 «ift3 
Te ea ae: 28 5:22 | 299.72 | .984 —23.9 
AES Ae 28 6:20 | 299.76 | 986 —14.0 
ae 29 6:01 | 300.75 6 | «38.2 
91 30 5:32 | 301.73 102 | 42.7 
SRG oe 4:57 302.71 159 | —30.0 
es he Aug. 1 | 5:00 303.71 218 | —24.2 
aap BK 2 1) 304.71 277. | 16.2 
” LGR. 3. | 443 305.70 a ee 
ED RES ” 6:27 306.77 397 | —15.8 
he ee a. ge gene 307.71 452 ~ 84 
RS SEER a 6:19 308.76 .514 | —25.6 
EO ES BS: 8 | 7:56 310.83 635 | —2.5 
| REARS Ste: ee 4:37 311.69 | Ye ee 
i ee ee 11 5:47 313.74 °° 1 806 | +19.0 
| eo 2-1 2 314.77 | 86 | — 2.1 
SR BPE Sere 3 | 7:42 315.82 927 i ae 
_ he ae 14 | 6:51 316.79 | 984 — 9.2 
Te ee as 15 7:53 317.83 045 «35.2 
he en 17 | 8:16 319.84 | 0.163 —40.9 

| | 





* An improved period of 10.14122 days was published by Soloviev after the completion of this paper (A sir 
Circ. Ac. Sc. Soviet Union, No. 38, 1945). 
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ABSTRACT 


Bowen and Wyse’s conclusion that the chemical composition of the planetary nebulae is essentially 
the same as that of the sun is substantiated by a more detailed treatment of the same problem in which 
an attempt has been made to estimate the relative abundances of the lighter elements. For hydrogen, 
helium, and carbon, which are represented only by permitted lines of the recombination spectrum, we 
have estimated mean relative abundances of 1000, 100, and 0.6. The abundance of hydrogen follows from 
the intensity of the continuous spectrum at the limit of the Balmer series. An estimate of the abundance 
of ionized helium is provided by the observed line intensities and the theory given by Goldberg. The 
singlets are stronger than they should be, according to Goldberg’s theory; and we may interpret the dis- 
crepancies between observations and theory by supposing that collisional excitations and de-excitations 
of the atoms in the high 2°S and 2'S metastable levels play a role in fixing the population of the high- 
energy levels. The abundances of the C 1m and C tv ions have been evaluated from the recombination 
lines of Cm and C 1m with the aid of approximate wave functions calculated by Slater’s rules and of 
b-factors estimated from the hydrogenic case. The O 11 abundance in NGC 7009, as estimated from the 
O 11 recombination lines, appears to agree with that found from the green nebular lines, thus removing 
the discrepancy suggested by Wyse. 

We have estimated the abundances of the other ions from their forbidden lines and, with the exception 
of O 111, from approximate collisional cross-sections. To calculate the numbers of atoms of any kind, we 
must make some estimate of their distribution among various stages of ionization. This step, which has 
to be made empirically, seems to introduce the greatest share of the uncertainty in the final results. The 
average abundances of nitrogen, oxygen, fluorine, neon, sulphur, chlorine, and argon are found to be 0.2, 
0.25, 0.0001, 0.01, 0.036, 0.002, and 0.0015, respectively—all on the basis of hydrogen as 1000. Compari- 
sons with the compositions of the solar atmosphere and that of 7 Scorpii are discussed. It was not possible 
to estimate the contribution of the metals. The possible effects of stratification and of the bright-line 
radiation of the central star are briefly discussed. 


I. INTRODUCTION 


Perhaps one of the most difficult of astrophysical problems is the determination of the 
absolute abundances of the various elements composing a planetary nebula. To some 
extent this difficulty arises from the different mechanisms by which the nebular radia- 
tions are produced. Thus, atoms represented by forbidden lines are favored bya factor of 
a thousand fold over those that show only permitted (recombination) lines. To a greater 
extent uncertainties arise from the fact that only one ion of a given element may be ob- 
servable while the nonobservable ions may be in the majority. 

In previous papers of this series* we have shown how to derive the abundances of 
hydrogen ions and O 111 ions in planetary nebulae from intensity measures of the Balmer 
and green nebular lines. The results indicate about ten thousand times as many hydrogen 
ions as O 111 ions in the planetary nebulae, despite the fact that the green nebular lines 
(Ni and Nz) are often of the order of ten times as strong as H8. 


1 Now of Indiana University, Bloomington, Indiana. 

2 Now serving as lieutenant commander, United States Navy, on leave of absence from Harvard Uni- 
versity. 

3 Series of papers entitled “Physical Processes in Gaseous Nebulae” appearing in the Astrophysica 
Journal: I, 85, 330, 1937; II, 86, 70, 1937; III, 88, 52, 1938; IV, 88, 313, 1938; V, 88, 423, 1938; VI, 89 
587, 1939; VII, 90, 271, 1939; VIII, 90, 601, 1939; IX, 91, 307, 1940; X, 92, 408, 1940; XI, 93, 178, 
1941; XII, 93, 195, 1941; XIII, 93, 230, 1941; XIV, 93, 236, 1941; XV, 93, 244, 1941; XVI, 94, 30, 1941; 
XVII, 94, 436, 1941. The papers of this series are referred to in the text as papers I, I, ITI, etc. 
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The estimation of the abundances of the other ions from their spectral lines is a much 
more difficult problem. In the first place, with the exception of neutral and ionized heli- 
um, we have only rough guesses of the transition probabilities of the permitted lines of 
the various ions observed in the gaseous nebulae. Reasonably good transition proba- 
bilities are available from recent calculations‘ for most of the forbidden lines. So far, 
cross-sections for the collisional excitation of forbidden lines are available only for 
O m1. The theory of the statistical equilibrium of low-lying metastable levels presents no 
essential difficulties. The number of such levels is small; and one can solve for the popu- 
lations in the various levels in terms of the collisional cross-sections, the transition 
probabilities, and the temperatures and densities of the electron gas. We possess fair 
estimates of all the quantities but the cross-sections. If we can get some idea of the latter, 
we can work out the relative abundances of the various types of ions. 

The next section of this paper will be devoted to estimates of the target areas for the 
excitation of metastable levels and to the application of these target areas in connection 
with transition probabilities of the forbidden lines and the appropriate equations of sta- 
tistical equilibrium to calculations of ionic abundances. Once the target areas have been 
agreed upon, the calculation of ionic abundances proceeds as in the case of O II. 

The third section considers the recombination spectra of ionized carbon, ionized 
oxygen, and helium. Here, again, necessary atomic parameters are not known except for 
helium, and the transition probabilities of permitted lines have been estimated with the 
aid of the LS-coupling hypothesis and radial quantum integrals derived with the aid of 
Slater’s rules.5 The abundance of O m1 in NGC 7009, estimated from the recombination 
O 11 lines, agrees well with that estimated from the green nebular lines, thus removing the 
discrepancy suggested by Wyse.°® 

The fourth section of the paper is concerned with the problem of ionization in a plane- 
tary nebula subjected to radiation from a hot central star. The simultaneous appearance 
of ions representing a considerable range in ionization potential shows that it is not pos- 
sible to explain the planetary nebulae as shells of gas exposed to black-body radiation. 
Stratification of the nebular layers, the filamentary structure exhibited by many plane- 
taries and suspected in most of them, combined with the probable bright-line character 
of the ultraviolet spectrum of the central star—all conspire to introduce considerable 
complexities into the problem. 

Finally, from the calculated abundances of the various ions we estimate the actual 
abundances of the various elements that make up the planetary nebula. Since we ob- 
serve only one or two stages of ionization for most elements, we have to estimate the 
contribution to the total from the unobserved lines. An empirical procedure seems best 
here; and the method actually employed introduces the assumption that the ratio of 
the abundance of the ions in successive stages of ionization—e.g., the ratio of O 11/0 IN, 
Ne u1/Ne Iv, etc.—depends only on the ionization potentials involved and not at all on 
the type of ion. From such ratios, for a given nebula, curves giving the estimated dis- 
tribution of the atoms in various stages of ionization may be constructed; and it is with 
the aid of these curves that the final abundances are estimated. 

That the above procedure introduces an appreciable uncertainty in the estimated 
composition of the nebula is obvious enough, but the difficulty that one encounters here 
is fundamental. Only a few of the ions of each kind of atom are observed, and we must 
extrapolate somehow to take account of the others. Further observations and identifica- 
tions of fainter lines will help us here. Especially desired are observations or identifica- 
tions of ions of higher ionization potential than Ne v, so that we may estimate, with a 
higher degree of certainty than is possible at present, the proportion of very highly ion- 
ized atoms. 


4 Pasternack, Ap. J., 92, 129, 1940; see also Paper XI of series. 
5 Slater, Phys. Rev., 57, 36, 1930. ® Ap. J., 95, 356, 1942. 








ch 
li- 


he 
on 


he 
ast 


I, 
on 
is- 


ith 


pre 
ist 
ca- 


la 
mn- 





PHYSICAL PROCESSES IN NEBULAE 241 


In the end it turns out, as Bowen and Wyse have suggested,’ that the composition of 
the planetary nebulae is essentially the same as that of the sun. More accurately, it 
would be better to word the result as follows: A mass of gas, similar in composition to the 
sun and expanded to the size and density of a planetary nebula and exposed to dilute 
high-temperature radiation, would give exactly the same kind of a spectrum as the plane- 
taries are observed to give, in so far as our present knowledge of atomic structure and 
absorption coefficients permit us to predict. Wyse and Bowen’s conclusion is confirmed 
by this independent and more detailed theoretical treatment of the problem. 


II. ABUNDANCES OF IONS ESTIMATED FROM THEIR FORBIDDEN LINES 


The method of evaluating ionic abundances from the intensities of their forbidden 
lines is well illustrated by the case of O 1m, which has been treated in a previous paper.*® 
The additional data needed were the electron temperature and density. If the latter 
could be calculated from the intensity of the Balmer continuum at the series limit, the 
former could be found from the ratio of \ 4363 to the green nebular lines. 

The application of these theoretical considerations to any ion possessing a ground 
configuration with metastable terms is straightforward. Let A denote the ground level 
of the ion and B the upper level of the observed transition AB. The number of collisional 
excitations from A to B will be given by 





N4N.Q(AB) 7 


Baw = 8.54 X 10-6 gt 


~XA p/k T 2 ( 1 ) 
and the number of collisions of the second kind (superelastic collisions) will be 


NgN.Q(AB) (2) 


dea = 8.54 X 10-8 TR as 





where x is the excitation potential of B with respect to A, where @4 and @, are, respec- 
tively, the statistical weights of levels A and B, and where 2(AB) is the target area 
factor to be calculated by wave mechanics. 

Our present discussion is confined to transitions arising between the terms of the 
ground p’, p’, and p‘ configurations. The formulae of papers XIII and XVI of this series 
may be applied immediately to a discussion of the p? and p‘ configurations. For the statis- 
tical equilibrium of the p* configuration we shall derive slightly modified expressions. 

Unfortunately, target areas for the collisional excitation of ions other than O 11 are 
not available, so that we have had to resort to an approximate treatment of the prob- 
lem. Accordingly, rough target areas have been estimated according to the following 
scheme: 

1. The target areas for a p* configuration are taken to be the same as for a p* configura- 
tion. In this approximation Ne 11 has the same cross-section as O II. 

2. For a p* configuration the ratio 242/@4@z is taken as a constant for all transitions. 
(Within a factor of 2 this condition is fulfilled for O ut.) For O m we have arbitrarily 
taken Q = 10 for the 4S — *D transition and 2 = 15 for the 7D — ?P auroral transition. 

Thus the target areas for the p* and p‘ configurations are all taken to be the same as 
those of O 111. Admittedly, this approximation is a crude one, but we suspect it will give 
the correct order of magnitude. The target areas are taken to be independent of Z in this 
treatment, although we have also carried out a calculation in which we have supposed 
the target area to be proportional to Z? for the larger values of Z. It seems very unlikely 
that the dependence on Z can be as severe as Z’, but the effect of Z on the target area is 


7 Lick Obs. Bull., 19, 1, 1939. 


* See Paper XVI. Equations are referred to by number and paper; thus XII-7 means eq. (7) of Paper 
XII of the nebular series. 
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very difficult to see until further calculations have been made. For the main discussion 
we shall neglect any variation of 2 with Z but shall occasionally refer to the results of the 
earlier calculations in which it was supposed that Q was proportional to Z?. The values 


of 2 computed from the above approximation are collected in Table 1. 


TABLE 1* 


ATOMIC PARAMETERS FOR THE CALCULATION OF ABUNDANCES 


FROM FORBIDDEN LINES 


NEBULAR TRANSITIONS 














| l 
lon Config. vo/v | LA j 
Nu bes eA ie SO OAR 0.086 x 103 
Fu. | pf 2.58 | 0.956 | 064 1.87 
Ne p! 3.19 | 0.776 | .275 8.05 
S1r.. p? 1.33 1.88 .092 2.69 
Fv.. p? 3.07 | 0.808 | — .109 3.19 
Chiy. | p ho Seige ea 28 8.20 
Vev.. | p? soy!) Sr Cognere! Ho a 12.3 
iv... p? 1.92 | 1.29 0.73 21.4 
: | - iy loki ey rete: Come ee ee — 
AURORAL TRANSITIONS 
Ton Config. x /4363 Asp f 
Nu p? 4.04 1.315 2.2 | 0.99 
ile aie p? 3.32 1.411 | 5.6 | 86 
Cl ry p? 4.00 1.216 6.6 0.71 
NEBULAR TRANSITIONS 
| | ae ae cs : 
Ion Config. | x Vo/v A E 
Gari. p> | 3.31 | 0.75 | 0.00008 | 9.13 
Clim... bey PPR 288 tin b yak lt 0042 | = 491 
PE aes p’ 1.84 | 1.35 0014 | 164 
aay... p3 7°) O98) Oise “Tt 10 
| 
TRANSAURORAL TRANSITION 
Ion Config x A g 
GBs ed ou. 4 p? | 3.04 0.26 5X 104 


* The target area 2 = 10 for nebular transitions in p* and Q = 6 for the transauroral transition. 


Let us first turn our attention to the nebular *P — !D transitions in p? or p* configura- 





tions. The relation between the number of atoms in the *P term and the surface bright- 
ness H/,, (in magnitudes per square minute of arc) of the nebular images may be written 
in the form analogous to XVI-6: 
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where C is a constant that depends on the ion involved, the target area, and the fre- 
quency; where xpp is the excitation potential of the 'D level, D depends on the thick- 
ness of the nebular shell and its outer radius A, in accordance with the expression 


D=3d(1-54+355) (4) 


(cf. XII-7); and where £ is the fraction of atoms excited to the 'D level that are colli- 
sionally de-excited. It is given by 


$ pp 1 rantl, % (5) 


& pp + Fpp App, TY? 2% a jTv 
N. 








1+347x10— Ne Q 





defining 7. Here §pp represents the number of collisional de-excitations of the 'D level 
(superelastic collisions) and Fpp the number of radiative transitions; Qo denotes the 
target area for the nebular transition in the O m1 atom. If we write the abundance of 
the O 11 ion as (cf. XVI-6) 


TV? oxe/k . 
N.D(1 — Bo) 


and recall that the last factor is simply proportional to the sum of the intensities of the 
two forbidden lines, we obtain for the ratio of the abundance of any ion, p, to that of 
doubly ionized oxygen 





No = 3.38 X 101 (2:532)-"™ (6) 


Ny _ Tom gtem/nr, (1 Ba) 
No Io v (1 —B) Q’ 





where the subscript zero refers to the data for the O 111 atom and the green nebular 
lines. 

Likewise for the auroral transition in the O 111 atom, one may write a similar expres- 
sion (cf. Paper XIII) by noting that in this case the 'S level is fed almost entirely by 
collisional excitations from the ground level. Of the atoms entering the 'S level, the frac- 
tion f = Asp/(Asp + Asp) goes to produce the auroral line, provided the collisional 
de-excitation of the 'S level is negligible in comparison with the radiative de-excitations. 
Hence we may write an expression of the form 


/ 
geo. yy oY 


—H,, 
Df Pe Rime” (8) 


Np= 1.65 X 107° 





where the wave length \ is expressed in angstrom units. We now find the ratio of the 
number of ions to the number of O 111 ions to be given by 


Nr 4.88% 2 I, 


eds em “eo +p (xpg—Xxo)/k ?, es ( 
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Table 1 gives the necessary atomic data for the calculation of Np from H,, 7., and 
N,. The values for: the Einstein A’s have been taken from the work of Pasternack, 
checked in many cases with the help of the tables or formulae of Shortley’s work (Paper 
XI). 

For some atoms, e.g., S 11 or N 11, both the auroral (\ 5755 of N 1) and the nebular 
(\ 6548 and \ 6584 of N 11) lines are strong; and it is possible to estimate Np in two ways. 
If the velocity distribution is reasonably Maxwellian, a comparison of these values should 
provide an estimate of the error of our approximate collisional cross-sections. The auroral 
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lines tend to give somewhat higher abundances than the nebular lines, but the ratios 
are not constant and fluctuate widely from nebula to nebula. Thus the values of Table 2, 
based principally on the intensity measures of Wyse, with additive measures of brighter 
lines by one of us, show discrepancies ranging up to a factor of 3, apparently not corre- 
lated with the electron temperature. 

Let us now turn to the case of the p* configuration. There are three terms to be con- 
sidered here: a ground ‘S3/2 term and higher *D3/2,5/2 and *P1/2, 3/2 levels. We shall have to 


TABLE 2* 
IONIC ABUNDANCES DETERMINED FROM FORBIDDEN LINES 














Nu Su 
NEBULA Ni Ou | Om | Nem) Nev Sur | Clit | Cliv | Aiv Av 

Neb- | Auro- Neb- | Trans- 

ular ral ular auroral 
NGC 7027... 0.037 0.224 0.58 | 0.1 1.11 0.055 0.063 0.0093 0.0121 0.177 0.0028 0.0281 0.0054 0.0094 
NGC 6572 046 108 32 | 0.44 0.78 O76 1.55.5 ‘ 0022 .008 .072 eee rer GN acces 
NGC 6826 ve free ec ©: ees 0.05 0.34 Lo CRE ORS ek Eee ET Re bes Scie Pn A 
NGC 6543 ’ BF liaccacl boom Deke yh SARS a ae a? 3:  AIPR- arte 
iC 418 046 17 16 | 2.1 0.072 0024.... 0065 006  . $e. . Ae PR 4 ; 
NGC 7662 ; : O11 023 0.25 | 1.05 0075 0171 0017 0032 035 0011 030 O11 0014 
NGC 7009... 063 057 0.48 1.28 0145 0.0034 0052 0072 052. .0037 0.044 0066 ; 
NGC 6741 7 026 .207 43. i......)0@ | | Le ee ie ae O11 eb; re 006 .003 
NGC 2440...... 0.012 .054 0.11 | 0.02 0.10 ee 0.0005 0018 015 0.0005 es : ; mr 
ey re CRS eee 0.73 Oe Se ee eee 0084 ME Gis ou eis hk PR 0064 0.0015 
IC > ed ie Ae Pies Te _ | 2 ee eee 0.0072 0.045)..... SNe ogg ah «a Chaco 








* From the fluorine lines observed by Wyse in NGC 7027 and NGC 7662 we estimated the abundance of the F 11 ion to 
be 3 & 10-4 in NGC 7027 and 1.6 & 10-4 to be the abundance of the F tv ion in NGC 7662. All abundances refer to numbers 
of ions per cm? in the nebula. The O 1 abundances are computed on the basis of a weighted mean A-value of 7.2 X 10-5, as 
determined from the Hartree field for O 11 (called ‘‘case B’’ in text). 





consider the statistical equilibrium of these possible levels of the atom. For convenience 
we shall indicate the various terms and levels by the accompanying notation. 


Abbreviation Term Abbreviation Level 
Proce eee cls 4S Re eee 4S3/2 
Sere 21 ee ee 21) 5/2 
P Te ate se wh Ras 2p " ee 

Res width. 250.) 
Ae See *P 3/2 


The number of atoms entering the d level by collisional excitation from the ground level 

and by radiative cascade from the P term will equal the number leaving by collisional 

and radiative processes: 

8.54 K 10-§ N,N. 
TV? Ds 
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with a similar equation for d’. In these expressions we neglect the superelastic collisions 
which transfer atoms from P to D, since we shall suppose that the population of the 
P term is very small. 

The number of atoms entering the P term by collision from the ground term must 
equal the number lost by superelastic collisions to the D or S terms and the radiative 
transitions. Thus for the p level we have 
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with a similar expression for p’. We have neglected collisional and radiative transitions 
between p and p’ and between d and d’. If the electron density is such that we can neglect 
the collisional de-excitations of the p levels in comparison with the radiative de-excita- 
tions, we may write for the level d: 














8.54 X 107° N.Ne 1 Per, gf OTE [ ( Apa 
— Ds ue t . Qep Apa + A pd’ + Ase 
1 54x10 N (12) 
ood 8. x ea Nu e 
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with a similar expression for d’. We may neglect the second term on the left side unless 
Qsp> >Qsa or xsp Is relatively small and 7, is large. Thus our expressions become even 
simpler, for it turns out that we can neglect the existence of the ?P term altogether in 
calculating the equilibrium of the 7D term. Of the Np atoms in the ?D term, let us now 
use d to denote the fraction in the ?D3/2 level and d’ the fraction in the ?D5,2 level, with 
d+ d' = 1. The equation of statistical equilibrium for the 7D term is then 

8.54 XK 10-§ N 8.54 K 10-6 


eV. /kT , AT 
Ti? Ds [Q.4 + Qear] &* ft a a NpN- 





(13) 
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If collisional de-excitations are more important than radiative transitions in depopu- 
lating the 7D level, we may suppose that the populations of the two levels of the 7D term 
are proportional to their statistical weights. In that case, d = 0.4 and d’ = 0.6. If we let 


Qa, + Qay = Qas ’ (14) 


and recall that @, = 4, @i = 4, and @4, = 6, we obtain 
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where & depends on atomic constants only. The factor in parentheses is essentially 
bs/bp; it is a measure of the deviation from thermodynamic equilibrium. As J, increases, 
bs/bp — 1, and 

Np wi ®p bp oe W/kT. (16) 
N, &, b, 


reduces to Boltzmann’s law. The uncertainty in Q will introduce but a small error in the 
computed value of Ns if \, is sufficiently large and the A’s are sufficiently small and 
adequately known. Otherwise the error will be directly proportional to the error in Q 
and that in A. 

The surface brightness of the planetary in the light of a forbidden line will be given 
by 


- 





Sy, = 840 (2.512) *=1DNp(dAastd'Aws) w=4DNpAW, (17) 


where H) is the surface brightness in magnitudes per square minute of arc. We thus ob- 
tain 
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where C; depends only on atomic parameters. Table 1 gives the ion, the adopted A -val- 


ues, the excitation potential x, &, and /. 
The transauroral 4S — ?P transition is observed in S 1; and for this line a similar 


theory yields 





Xgp/kT' 
N, = 1.28 x 10% © 5 (42) (2-512) My (19) 
Pp 


Except for NGG 2440 and 6572 the values of Ns for S 11 computed from the transauroral 
lines agree with those found from the nebular lines to within a factor of about 2. 

The close O 11 pair at 3726.16 and 3728.91, corresponding to the 4S3/2 ~ *D transition, 
are second in importance only to the green nebular lines. These lines are observed in 
most planetary nebulae, in the diffuse nebulae of the Milky Way, and in emission nebu- 
losities in external galaxies, but not in the novae. 

Pasternack gives Einstein A-values for the 4S3/2 — *Ds/2 and 4S3/2 — *D5,2 lines as 
0.00011 and 0.0014, respectively. Since the statistical weights of the two ?D levels are 
respectively 6 and 4, we should expect the relative intensities of these lines to be 


6 X A729 
—————————- == [1,9 
4X A376 , 





in favor of the \ 3729 line. Actually, just the opposite is observed. The *S — *D transi- 
tion comprises both magnetic dipole and electric quadrupole components, whose 
strengths may be computed by the methods of Paper XI. For O 11 Shortley’s paremeter, 
x = 0.0153, and the magnetic dipole strengths are given by 

Sm @D5/2 —4S372) = ¥esxt = 5.63 K 10-9 
and | 


yi (?Ds5/2 — 4S3/2) = 4:8 2561)" | 
(20) 


on CD52 cm 4$3/2) Pad OTe x" = 17.05 kK 1078 


and 
Am (?Dg2—*S) = 2.19 X 10-5, 
Similarly for the quadrupole transitions, we have 


A . (?D5/2 — 4S3/2) = 14.05 K 10 “35 . A (4S3/2 —?D3/2) = 9.08 X 10~° s° . 4 


where s, depends upon the radial quantum wave functions according to the expression 
S4=3SPR(nl) dr, (22) 
where 7 is in atomic units. The total Einstein A coefficient is 
A=A,+An (23) 
for any given transition; and if we let s, = 1, we obtain Pasternack’s value. If we use the 
Hartree self-consistent field radial wave function, we find s, = 0.73; and the resultant 
A-values are 
A (?D5/2, *S3/2) = 7.451075 = and A (?D3/2, 4S3/2.) = 6.8 XK 10-5, (24) 
which give relative intensities of 1.64—again in contradiction to the observations. 


A third of the possible procedures is to adopt the observed intensity ratio of the \ 3729 
to \ 3726 lines (2 is a sufficiently accurate value for illustrative purposes) and calculate 
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the required values of the A’s with the utilization of s, as an adjustable parameter. 
Thus, 


A CDs, 'S3/2) = 3A CDs, 4S3/2) ; 


and, since A = A, + Am, we obtain s, = 0.257 and finally 
A (?D3/2, 4S3/2) = 2.78 K 1075 and A ??Ds5/2, 4S3/2) = 0.93 K 10-° , (25) 


values considerably smaller than those found by Pasternack. These considerations illus- 
trate the extreme sensitivity of the A-values to the outer portions of the radial wave 
functions. It is quite possible that the wave function may be inaccurate enough in this 
region of large r to account for the discrepancy.’ 

In view of the approximate character of the available target areas and transition 
probabilities, our results for O 1 are of a decidedly tentative character. We have com- 
puted the abundance of singly ionized oxygen on the basis of two assumptions concerning 
the weighted mean value of A, viz., assumption A, s, = 0.257, and A = 1.67 X 1075, 
which gives the correct intensity ratio but has no justification in quantum mechanical 
calculations; and assumption B, with s, = 0.73, and A = 7.19 X 10-5, as calculated 
from the best available Hartree function but which, unfortunately, does not give the 
correct intensity ratio of the two components of the line. 

Assumption A gives us a lower limit to the transition probability and therefore an 
upper limit to the abundance of ionized oxygen. Probably the results found from assump- 
tion B are more nearly of the correct order of magnitude. 

Many years ago Wright’? found an infra-red line at \ 7325 in NGC 7027. This line is 
the unresolved *?P — ?D (auroral) pair of [0 m1] at \ 7319 and » 7330. Wyse, however, 
did not observe these lines, and no intensity measures are available; so we cannot include 
them in our present study. On the basis of the excitation potentials and transition prob- 
abilities we would expect the intensity of this pair to be of the same order of magnitude 
as that of \ 4363 of [O 11] for comparable abundances of O 1 and O 11. 

Unless the target areas for collisional excitation of neutral nitrogen are very small, 
i.e., 2 << 10, we can probably get a good estimate of the abundance of this atom by 
simply supposing that the population of the *D term is given by Boltzmann’s law and by 
calculating the number of metastable atoms from the intensities of their forbidden lines. 
Here again, unfortunately, the same objections that apply to the transition probabilities 
in O rare valid; if spin-orbit interactions are important in ionized oxygen, they are also 
important in neutral nitrogen. The scatter in the abundance of nitrogen as derived from 
the forbidden lines may represent actual variations in nitrogen content rather than ef- 
fects of ionization or excitation. Where the [V 1] lines are strong, they are nearly always 
accompanied by neutral nitrogen. Conversely, when they are weak, as in NGC 7662, 
NGC 7009, or IC 5217, the [N 1] lines are missing. 

In most elements we observe two successive stages of ionization; but neon deserves 
special comment, since, although the lines of Ne 11 and Ne v have been found in great 
strength in a number of planetaries, the auroral lines of Ne tv at \ 4714 and \ 4720 have 
not been found (the nebular lines fall in the inaccessible ultraviolet). Our equations of 
equilibrium reveal that with an electron temperature of 10,000° K, an electron density 
of 104, and an excitation potential of 7.7 volts, these lines should be about ten thousand 
times fainter than the Ne 111 lines. Their absence is thus easy to understand. Intensities 
of the Ne v lines in NGC 6741, 2440, 2165, or IC 5217 were not available. 

The precision of our abundance determination could be improved were better esti- 


9 A refined treatment of the \ 3727 transition probabilities is being undertaken by C. W. Ufford and 
one of us. In this treatment the spin interaction of one electron with the orbit of another electron is being 
taken into account following a suggestion by J. H. Van Vleck. Calculations are at present in progress 
and should yield improved values of the transition probabilities eventually. 


10 Pub. A.S.P., 32, 64, 1920. 
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mates of the collisional cross-sections and transition probabilities available. Probably 
our results are correct in so far as orders of magnitude are concerned. As we shall see, 
the chief uncertainty of our attempted quantitative analysis comes not so much from 
poor knowledge of the relevant physical parameters, in many cases, as from the distribu- 
tion of the atoms of a given element among the various stages of ionization. In the cal- 
culation of abundances, it is therefore not correct simply to add together the observed 
numbers of ions of each element. Such a procedure will give the right answer only for 
hydrogen and helium, since, as we shall see presently, the number of neutral hydrogen 
and helium atoms in the luminous body of a planetary nebula is very small. We would 
obtain too small an abundance of the other atoms, such as argon or oxygen, which can 
exist in six or eight stages of ionization. If we count only the number of observed ions of 
these atoms, we may get more or less correct relative abundances, but our absolute 
values will be in error by factors as high as 10 or more. 


III. ABUNDANCES ESTIMATED FROM RECOMBINATION LINES 


Permitted lines of helium, carbon, and oxygen in various stages of ionization are ob- 
served in the gaseous nebulae. Presumably these are recombination lines. Electrons are 
recaptured on high levels; and, as they cascade downward in energy, the atoms emit the 
ordinary permitted lines of the spectrum. Only for hydrogen and helium are the transi- 
tion probabilities known, so that one may work out a theory of statistical equilibrium for 
these atoms. Hydrogen has been discussed in detail earlier in this series, and Goldberg 
has worked out the theory of statistical equilibrium for neutral helium. 

The treatment of ionized helium follows at once from that of hydrogen; we may carry 
Menzel and Baker’s tables from Paper III of the nebular series* directly over to the 


problem at hand. Since 
- ae 


re wv hR 
< "WRT. ap T. ’ 
(z:) 


we need only call the arguments of the tables 47, instead of 7.; e.g., the solution for 
Het at T. = 80,000° K is equivalent to that of hydrogen at 20,000°. Unfortunately, 
the tables do not contain entries for the physically interesting case of T, = 10,000° K. 
The strongest line of ionized helium is \ 4686, the first line of the Paschen series for 
which n’ = 3, n’’ = 4, g = 0.768, and Z = 2 in the usual expression (I-9) 


KZ*b, | 2hRZ? nth T 2 
TR § yn Prone (27) 


(26) 








En'n = N;N. 


for the amount of energy radiated per cubic centimeter per second. Here"! K = 3.20 X 
10-*, R is the Rydberg constant, and 8, is a number that measures the departure of the 
nth state from its population in thermodynamic equilibrium. Hence, 


Ex5 = 3.92 10-18 is 5 xe. (28) 


TH? 





and the number of doubly ionized helium atoms is, accordingly, 
Ti 
N.D 


If we knew d,, we could find NV ; at once; but, unfortunately, this quantity is not‘immedi- 
ately available. One procedure is to assume Baker and Menzel’s case B and to extra- 
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b,N; = 6.43 x 10” ; “tte. 


11 The value of K in Paper I is incorrectly given. 
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polate b4 from their table. In this way we have obtained bs = 345, which is probably 
correct in so far as the order of magnitude is concerned. An alternative approach is to 
employ some of the higher lines of the Pickering series, alternate members of which are 
blended with the Balmer series and others of which are confused with lines of other ele- 
ments. Convenient Pickering lines are \ 4542 and \ 5411, which Wyse has measured in 
a number of nebulae. The upper level of the first transition is m = 9; that of the second 
is m = 7. We obtain 








13/2 
by; = 1.48 x 102 — e-** (2.512) ~™ 
and 
Te —X7 —H. (30) 
b,N;= 7.19 XK 107! V.D ° meal Ae es Rieas 78 


In all cases we have extrapolated 5, from Menzel and Baker’s table for case B, ob- 
taining b4 = 0.005, 67 = 0.08, and d, = 0.125. The resultant N,’s from \ 4686" and 
\ 4542 are usually in good agreement, in view of the precision of the measurements and 
the assumption that the 6’s are the same in all the nebulae. The NV ,’s obtained from 
\ 5411 are usually larger than ‘those obtained from the other two lines. The assigned 
values of 6 may be in error, or Wyse’s intensity estimates in the visual region may be on 
a slightly different scale from those in the photographic region. 

The recombination lines of neutral helium are frequently strong in the planetary 
nebulae, indicating that helium is the most abundant element there, next to hydrogen. 
Ambarzumian’ first treated the problem of the helium nebula and noted the interesting 
effects due to the high metastable levels 2'S and 2°S. 

Since an ionized helium atom may recapture an electron in either a singlet or a triplet 
term the downward cascading electron will remain in the singlet or in the triplet system. 
Intercombination lines are virtually forbidden, since almost strict LS coupling obtains 
in helium. 

Atoms in the high normal n!P levels may cascade directly to the ground level with the 
emission of lines of the principal series, or they may linger on the way, dropping to 
n'So, etc. If they reach the 2'So level, they find themselves in a metastable state. If there 
are no collisional de-excitations, the mean lifetime of this state is determined by the 
probability of the simultaneous emission of two photons. Breit and Teller,‘ on this basis, 
estimate that the lifetime of the 2'S level is about the same as that for the 2s level of 
hydrogen, for which they find a lifetime of 0.14 second. The two quanta formed in this 
process escape from the nebula as part of the continuous radiation field. Accordingly, 
quanta of the principal series in helium suffer a fate somewhat different from that of the 
Lyman quanta in hydrogen. Consider, for example, the 1'S — 3!P transition. From 3'P 
the atom may return to 1'S, restoring the original quantum, or to 3!S, thence to 2'P, 
and on to 2'S or 1'S; or it may go to 2'S directly. Quanta of the types 3'S — 3'P, 2'S — 
3'P, and 2'P — 3'S escape from the nebula without further reabsorptions unless the 
metastable level is very heavily populated. By such a process, quanta of the principle 
series are degraded into low-frequency line quanta and continuous radiation from the 
double photon 2'S — 1'S transition. 

On the other hand, all electrons recaptured on triplet levels cascade ultimately to the 
2°S level. According to Breit and Teller, the probability of the spontaneous emission of 
two photons is very much smaller (perhaps by a million fold) than in the case of 2'S, so 


2 There is no evidence for any self-reversal of \ 4686 in the nebulae, although such self-reversal is 
quite apparent in such objects as Wolf-Rayet stars. 

13 Pyulkovo Bull., 13, No. 3, 1933; M.N., 93, 50, 1932. 

14 4p. J., 91, 215, 1940. 
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that it seems likely that in the case of a planetary nebula the bulk of the de-excitations of 
the 2°S level take place by collision. 

Ambarzumian treated the 23S level as rigorously metastable, in which case the 28S — 2°P, 
\ 10,830 transition plays the role of Lyman alpha and the 2°S — 3*P, \ 3889 line the 
role of Lyman beta. Monochromatic nebular images in the \ 10,830 line would be very 
interesting. Unfortunately, the \ 3889 line is confused with H¢ of hydrogen, from which 
it cannot be separated. 

More recently, Goldberg has treated the problem of the statistical equilibrium of neu- 
tral helium. Although he formally investigates an eight-state helium atom, he was able 
to allow somewhat for the variation of the continuous absorption coefficient with fre- 
quency and for the infinite number of discrete levels. In solving the equations of statis- 
tical equilibrium for the d’s he used the results of his previous calculations of the /-values 
and treated the 2'S and 2°S levels as rigorously metastable. His treatment is based on 
purely radiative processes and takes no account of collisional effects or the possibility of 
the 2'S — 1'S transition. 

In Table 3 we have summarized the results of the calculations of the helium abun- 
dances from two singlet lines, \ 4143 and \ 4388, and two triplet lines, \ 4471 and \ 5876. 
Goldberg’s theory predicts a very great weakening of the singlet lines with respect to 
the triplets. For example, the relative intensities of \ 4143 and \ 4471 for an electron 
temperature of 10,000° K and a central star temperature of 50,000° K is predicted to be 
0.013, while the observed intensity ratio is 0.16 for NGC 7662, according to the observa- 
tions of Wyse. We find, on reference to the table, that the N,’s calculated from the 
singlets are some eight or ten times larger than the N;’s calculated from the triplets. So 
large a discrepancy can scarcely be attributed to any scale error in Wyse’s intensities. 
We are inclined to look for an explanation in collisional and radiative effects not taken 
into account by Goldberg’s treatment. 

Collisions of electrons with atoms in the metastable 'S and °S levels affect the popula- 
tions of these and the higher levels in the following ways. In the first place, there may be 
superelastic collisions resulting in the de-excitation of 'S and °S. For slow electrons, i.e., 
those with energies in the range from 0 to 5 volts, the cross-section for the de-excitation 
of the triplet is much greater than that of the singlet level, because the 'S — °S transition 
represents an effect of electron exchange and will be particularly important at low elec- 
tronic energies. In the second place, inelastic collisions may excite atoms to the higher 
permitted levels from the metastable ones, and this effect would tend to make the 0’s 
larger than predicted by Goldberg’s theory. Thirdly, although no radiative transitions 
between the singlet and triplet systems ever take place, collisional transitions are likely 
to be quite frequent, because the slow electronic velocities favor electron-exchange proc- 
esses. 

Accordingly, changes in density throughout the nebula ought to produce marked 
changes in the populations of the helium levels and in the resultant spectrum. Thus, in 
helium the effects of density fluctuations should be apparent in one stage of ionization, 
whereas, in general, density effects are apparent only in considering more than one stage. 

We are inclined to attribute the strengthening of the singlets with respect to the 
triplets primarily to radiative processes. The singlet levels can be populated by direct 
transitions from the ground level; and if the radiation from the central star is rich in the 
resonance helium lines or if the nebula is of sufficient optical thickness to permit the 
building-up of an appreciable radiation density in the helium lines, radiative excitation 
may play the dominating role in producing the strong singlet lines. In our abundance 
calculations we have supposed this to be the case and have estimated the quantity of 
helium from the triplet lines. The resulting abundances may be too low if the collisional 
de-excitation of the 2°S level is important. 

When we turn to the radiative processes involved in recombination in more complex 
atoms, we are confronted with two very great difficulties. First, we must know the transi- 
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tion probabilities for jumps between all the upper levels and between the higher levels 
and the ground level. Second, we must use these parameters to calculate the statistical 
equilibrium for each level. Only then can we take the intensity of a given recombination 
line and infer the abundance of the ion which is gaining an electron. 

Actually, we have not been able to carry this program through for any atom, and the 
best we can utilize is a rather approximate substitute. Wave functions for the excited and 


TABLE 3 
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ground levels of carbon and oxygen in various stages of ionization could be derived by 
Hartree’s method or by some variation method, but such calculations are likely to be 
time-consuming. As a first rough approach to the problem, we have employed, for the 
evaluation of the radial quantum integrals, the wave functions calculated in the manner 
suggested by Slater. The Slater functions often give good approximations to the energies 
of the excited levels, but they neglect the loops and nodes of the wave functions, and the 
calculation of transition probabilities may suffer as a consequence. It seems likely, how- 
ever, that they are definitely better than the hydrogenic functions, since they do take 
some account of the screening by the inner electrons. 
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The number of atoms in a level 7 is given by 


N;1 le h8 @; 1;/k z. (31) 
T?? (Qamk) 7 o, 





N;= b; 


where @; is the statistical weight of level j; @; is the statistical weight of the ion; and 
I; = Io — x;, where Jo is the ionization potential and x; is the excitation potential of 


the level 7. Now 
2.52 X 10? 
DA hy 
so that we obtain the general formula 
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Consequently, if we can evaluate 6;, we can find N;. In our preliminary reconnaissance, 
about the best we can do is to adopt the 6’s from the analogous hydrogenic problem. 
Accordingly, it is to be kept in mind that the abundances estimated from one or two 
lines are likely to be very approximate, clearly because of the necessity of making shaky 
assumptions about the 6’s. One cannot simply adopt the hydrogenic 6’s for the same n 
with any degree of assurance, because in complex atoms the / degeneracy is removed and 
there may be terms of several multiplicities and Z-values arising from each configura- 
tion. Finally, configuration interaction may enter, and there may be deviations from LS 


(2.512), 





N; = 
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coupling. 

Carbon is represented only by its recombination lines. In the case of O 11 there is only 
the \ 4267 line corresponding to the 3d*D — 4f*F transition, for which we have derived 
A = 3.18 X 10°. The intensity of this line gives us an estimate of 5, multiplied by the 
number of C 11 ions; and if we adopt hydrogenic b,’s, the number of C m1 atoms turns 
out to be of the same order of magnitude as the number of O 11 atoms. In a similar fash- 
ion we have estimated the abundance of the C Iv ion from the \ 4187 recombination 
lines of C 111 with 6; = 0.10. 

Wyse has observed lines of C Iv in a number of planetaries, indicating that four-times 
ionized carbon atoms must exist in such objects as NGC 7662 and NGC 7027. Unfortu- 
nately, for such highly ionized atoms we have no reliable means of estimating the 0’s, 
and consequently it is not possible to estimate the abundances of these ions. In particu- 
lar, the AA 5800-5813 C Iv pair arises from a level 25 volts below the ionization limit, 
and 6;N ; turns out to be of the order of 10~”; but 8; is probably also very small, so we 
cannot guess the number of C v ions. 

The permitted O 11 lines observed by Wyse in NGC 7009 are of particular interest be- 
cause they allow an independent estimate of the O m1 abundance. Wyse believed he 
found a serious discrepancy between the abundance of O 111 ions calculated from the for- 
bidden lines and that obtained from the recombination spectrum. He assumed the rate 
of capture to depend on Z? (it should have been Z‘, according to I-24) and compared 
the spectrum with that of hydrogen. It is not clear just what approximations one should 
make to treat carbon as a hydrogenic atom in view of the high order of degeneracy among 
the energy-levels of the latter. The radial wave functions must differ considerably, al- 
though by adjusting the effective Z-values some improvement may be effected. 

As an alternative procedure we have computed the transition probabilities of the O 11 
ions observed in NGC 7009 with the aid of Slater wave functions and the assumption of 
LS coupling. These computed A-values and Wyse’s intensity measures enable one to 
estimate b,Nom (see Table 4). Since we had no knowledge of b,, we plotted 6,.Nom 
against the excitation potential (see Fig. 1). Notice that, as the excitation potential in- 
creases, b, increases. The circle in the upper right-hand corner indicates the estimate of 
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O 111 determined from the green nebular lines; it was placed on the diagram at the ioniza- 
tion limit, where b, = 1. These data suggest to us that there is no discrepancy between 
the number of O m1 ions calculated from the green nebular lines and the number found 
TABLE 4* 
THE RECOMBINATION SPECTRUM OF OII IN NGC 7009 
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4506 *P—*D—.. 2... AMMEN etc reeess 9.02 31.57 0.4 —1.09 

4609 *D—*F.......... .58 168 8.85 31.00 0.4 —0.90 
p?3s—p?3p (8P) 

Gh ce oe .29 12 7.67 25.74 0.4n —2.94 

4590 *D—?F.......... .58 14 8.07 28.24 0.3n —1.90 

4598 *D—"F.......... AWS Fe catins 8.02 28.24 0.30 —1.84 























* The first column gives the various lines and term designations grouped according to configuration and par- 
entage; s is the fraction of the strength of a multiplet radiated by a given line; S is the strength of the multiplet; 
log A is based on approximated wave functions; x is the excitation potential; and J is taken from the work of 


Wyse. 
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from the recombination spectrum—a result especially satisfying in view of the approxi- 
mate character of the A-values, the weakness of the lines, and the fact that target areas 


for O 111 may be in error by a factor of 2 or 3. 
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IV. IONIZATION AND STRATIFICATION 


The calculated atomic abundances of the observable ions of hydrogen, helium, car- 
bon, nitrogen, oxygen, fluorine, neon, sulphur, chlorine, and argon are summarized in 
Tables 2 and 5. The observational data for the weaker lines and for the lines in the visual 
region have been taken from the work of Wyse; for the stronger lines in the ordinary and 
photographic regions of the spectrum, from the investigations by one of us.” These tables 
also include the adopted electron densities and temperatures, and it will be noticed that 
they are somewhat different from the previously published values in some cases. For the 
objects observed by Wyse, for which no data on the Balmer continuum were available, 
we have estimated the electron density from the intensity of #8 in the manner indicated 
in Paper XII. 

Most of the hydrogen in the luminous regions of the planetaries is ionized, so that the 
electron density which is equal to the ion density is essentially the density of hydrogen 
itself, since this gas is the most important constituent of gaseous nebulae. The estimates 
of ionized helium and doubly ionized helium follow from their recombination lines and 


TABLE 5 


ABUNDANCES ESTIMATED FROM RECOMBINATION LINES 
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are uncertain, for reasons previously cited. The carbon abundances, it is to be empha- 
sized, are very uncertain. For the remaining ions, forbidden lines and approximate col- 
lisional cross-sections provide us with abundance estimates. 

We find that, if we add up the contributions for the various ions of a given element 
and compare the result with the number of hydrogenic ions, the abundances tend to be 
somewhat less than we might expect. The nebulae appear to be composed of 90 per cent 
hydrogen with nearly 10 per cent of helium and traces of oxygen, carbon, and nitrogen, 
etc. The answer is that we have not been fair in counting up the number of the more com- 
plex ions. Hydrogen can exist in only one stage of ionization, but oxygen can exist in 
eight. Accordingly, we should try to take account of the fact that a large percentage of 
the atoms of a given element may reside in stages of ionization of which we have no di- 
rect observational evidence. Our problem is to choose a suitable method of apportioning 
the ions among the various stages of ionization, and it promises to be a complicated one. 
To illustrate, in NGC 7027 we observe lines of NV 1 which have an ionization potential of 
14.46 volts and of Ne v which requires that Ne Iv with an ionization potential of 97 volts 
be ionized. Such a distribution among the various stages of ionization is scarcely to be 
expected in a nebula of uniform density, with no marked radial stratification and ex- 
posed to high-temperature black-body radiation. Several possible explanations suggest 
themselves. 


15 See Paper XIV of this series. 
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The planetaries are certainly not of uniform density or symmetrical structure. It 
seems very likely that local regions of high or low relative density may exist here and 
there throughout the nebula, thereby favoring fluctuations of the ionization. A nebula 
possessing a distinct filamentary structure may exhibit quite a different spectrum from 
a uniform nebula of the same mean density. Within the filaments the degree of ionization 
may tend to be smaller because of the higher density, the auroral lines may become more 
prominent with respect to the nebular lines, and the recombination lines may be espe- 
cially favored. In the low-density regions, on the other hand, most radiations will be 
weakened; but those of highly ionized atoms may actually become enhanced, and the 
larger volume may compensate for the effects of a weaker emission per unit volume. In 
addition, the various filaments may be exposed to different radiation fields, so that the 
effects can become quite complicated. 

Further, as Swings’ has pointed out, the central stars of the planetaries probably do 
not radiate like black bodies in the ultraviolet; rather intense emission lines may be scat- 
tered throughout this region of the spectrum. We would certainly expect such ultra- 
violet emission lines in the Wolf-Rayet stars, and such lines may even exist in the nuclei 
showing continuous spectra. Within the nebula itself originate intense emission lines of 
Ly a, the \ 303 resonance line of He 11, etc.; these may also play roles in ionization proc- 
esses. The quantitative character of this radiation field is quite unknown; we shall be 
lucky if we can infer its general properties qualitatively. 

The nebulae which show a symmetric type of stratification—e.g., small images of ion- 
ized helium and large O 1 images—present no essential difficulty. Many years ago 
Bowen" called attention to the fact that the high-frequency quanta would be rapidly 
absorbed by the nebula and that the radiation reaching the outer portions of the shells 
would be incapable of doubly ionizing helium or quadruply ionizing neon, for example. 
The general qualitative features are well understood; the details may offer some inter- 
esting problems. 

Let us now develop the ionization formula for a complex atom exposed to dilute high- 
temperature radiation. First we shall obtain the relation between the capture coefficient 
for an electron of velocity v and the continuous absorption coefficient a, involved in 
the photoelectric ejection of an electron with velocity v. Since these are atomic param- 
eters, we may evaluate them with the aid of the principle of detailed balancing in 
thermodynamic equilibrium; i.e., the number of ionizations in the frequency interval dy 
will equal the number of captures from a velocity interval dz, viz., 


N,4rI,a, (1 — e~-”*7) dp 
hy 





= f(v) vadvN;N., (33) 


where the negative absorptions (stimulated emissions) are taken into account by the 
factor in parentheses on the left. Here a, is the absorption coefficient; ¢ is the target area 
for capture; and v is related to the velocity of the free electron by hy = x + }mv’; 
hdv = mvdv. The velocity distribution /(v) of the free electrons is given by Maxwell’s 
law: 


3/2 
f (v) = 4a (57) ‘ yz e—(mv2/2)/kT , (34) 


while for 7, Planck’s law obtains. Then we have 


N.N. Sma, . = vm 2akT 3/2 | e 1/7) (he— x) 
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16 Ap. J., 95, 112, 1942. 
17 Ap. J., 67, 1, 1928, 
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If we compare this expression with the ionization formula for thermodynamic equilibri- 
um, we find that 

Pe ‘ 3/2 3/2 
2my* a» (At ek? = (2amkT) OD; eox/k? (36) 
m hs on ' 





chev? ao 
whence we derive the relation between a, and o 


a, mvc? Oo; - 
—= <— (37) 
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which holds quite generally and is not influenced by the state of the assembly or by how 


far it deviates from thermodynamic equilibrium. 
In a planetary nebula nearly all the ionization will take place from the ground level, 


so that the number of ionizations 
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will equal the number of captures upon all of the bound levels, viz., 
“s4 - se N iN. m 1/2 > ‘ 
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Except at the very lowest velocities, most of the recaptures will take place upon the 
ground level. Accordingly, we shall neglect the captures upon the higher levels in our 
preliminary study of the problem; this corresponds to taking only the first term in 
DS,/n* = Gr, (cf. Paper V). We may change our variable of integration from v to », 
noting that x1 = Ay, and v = 0 for the ionization limit. If we substitute for o in terms 
of a, and equate the resultant expression to the number of ionizations from the ground 


level, there results 
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If a, ~ 1/vr*, the ratio of the integrals reduces simply to 
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where W is the mean dilution factor. 
Bates'® has calculated a, for the neutral atoms C, N, O, F, and Ne from the Hartree 


wave functions. Goldberg and Aller have calculated a, for oxygen in various stages of 
ionization with the aid of an analytic representation of the Hartree wave functions. For 
other light atoms Hartree fields were not available, and approximate Slater functions 
have been utilized for the ground levels. The resultant absorption coefficients are prob- 
ably no more than qualitatively correct. All these calculations show that for complex 
atoms the absorption coefficient does not fall off hydrogenically as v~*, as many writers 
have assumed, but may even rise for a distance beyond the series limit. Thus the ab- 
sorption coefficient of oxygen reaches a maximum a little above the series limit at = 
160,000 and then falls off gradually with frequency. On the other hand, the absorption 


18 M.N., 100, 25, 1940. 
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coefficient of ionized and doubly ionized oxygen falls off monotonically with increasing 
frequency. In general, the continuous absorption coefficient tends to become more nearly 
hydrogenic as one goes to higher and higher stages of ionization." 

If the central stars of the planetary nebulae radiated essentially as black bodies and 
if the nebulae were so tenuous that the atoms throughout were exposed to dilute black- 
body radiation, the precise character of the absorption coefficient would not play too 
great a role in determining the ionization; variations of a, according to v, v*, or v~3 
would make but little difference in the results. If, however, the radiation impinging upon 
a typical volume element of the nebula is not simply dilute temperature radiation but is 
distorted by stellar emission lines and by emission lines arising in the nebula, the char- 
acter of the absorption coefficient may assume considerable importance. For example, 
the absorption coefficient of oxygen falls off much more slowly with frequency than that 
of hydrogen. Consequently, line radiation far beyond the Lyman limit will be much 
more effective in ionizing oxygen than in ionizing hydrogen. 

Aside from the purely geometrical aspects of the problem, W will be determined by 
(1) the nature of the initial radiation from the star and (2) the effect of absorption in the 
nebula itself upon the radiation from the central star. 

As previously remarked, the central stars of the planetary nebulae are frequently 
stars of the Wolf-Rayet type, showing strong lines of helium, carbon, and oxygen, or 
helium and nitrogen, or sometimes lines of all of these elements. Swings'® has suggested 
that the ultraviolet spectra of these stars in the region AA 30-912 contain great numbers 
of intense lines of the aforementioned atoms. He calls attention to the fact that helium 
radiation from the stars at AX 256.31, 243.02, and 237.33 may be absorbed by C m1 and 
N rv atoms, while, on the other hand, the coincidence of the ionization potentials of 
O ut and He 11 cuts down the ionization of O 111, owing to the fact that helium is much 
more abundant than oxygen. Thus, in NGC 6543 Swings finds fairly strong permitted 
lines of C m1 and N 11 in recombination, while those of O m1 are missing.”° 

In other planetaries, particularly certain high-excitation objects such as NGC 7009, 
NGC 3242, or NGC 7662, the nuclei exhibit apparently continuous spectra with no 
certain evidence of emission lines. We are ignorant of the ultraviolet spectra of these ob- 
jects; but we reasonably might suppose that, if they contained strong ultraviolet emis- 
sion lines, some emission lines ought to be found in the astronomically accessible regions. 
In any case, it does not seem safe to postulate the existence of strong emission lines in 
the ultraviolet spectra of all planetary nebulae. 

We may illustrate the effects of the continuous absorption of radiation from the cen- 
tral star radiating as a black body by considering a hydrogen shell which, however, con- 
tains enough other atoms to lower the electron temperature to about 10,000° K in the 
manner indicated in Paper XVI. We have treated the problem of the transfer of radia- 
tion in the Lyman continuum in Paper II of this series. The method there employed es- 
sentially amounted to using a solution of the type suggested by Ambarzumian with an 
additional correction function, R(v), which depended on the dilution factor W and the 
electron temperature 7,. It turned out that the correction function was too large to be 
treated as a perturbation, and the problem had to be solved by successive approxima- 
tions. This treatment took no account of possible inelastic collisions with foreign atoms; 
the electron temperature was supposed to depend on the character of the radiation field 


19 The reason for the nonhydrogenic behavior of the absorption coefficient is that an outer electron 
in a partially filled 2p or 3p shell is incompletely screened by its neighbors. Such an electron will move in 
a field, Z — o, where o, which is a measure of the screening, is less than (NV — 1), where N is the number 
of electrons in the ion. On the other hand, if a 2p electron is raised to a d level, it will move in a nearly 
hydrogenic field of charge Z — (N — 1). Consequently, in calculating the transition from the bound 2p to 
the free xd level, one cannot employ the same value of Z — a in the initial and final wave functions. For a 
fuller discussion of this and related points see Bates (09. cit.). 


20 Ap. J., 92, 289, 1940. 
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to which the volume element was subjected, in accordance with the conditions described 
in Paper V. Actually, as we have seen, the electron temperature of a planetary nebula is 
nearly constant at about 10,000° K. Accordingly, the theory of transfer of radiation in 
the Lyman continuum will have to be examined from a new point of view. 

Consider an interval dy at v in the ultraviolet continuum. The absorption of energy at 
this frequency will depend roughly on 1/vr*, since a, ~ 1/v’; but the emission of energy 
in this interval will depend on the number of eiectrons of velocity v (such that ky = x + 
smv") that are captured per second. The number with the required velocity » will be de- 
termined by Maxwell’s law and electron temperature 7. Since the latter is in the neigh- 
borhood of 10,000° K, there will be very few high-velocity electrons with energies of the 
order of 4 or 5 volts; and consequently the captures from this velocity region will be 
very few. Thus, energy will be returned to the continuum only in frequencies near the 
series limit; and at frequencies corresponding to but a few volts beyond the series limit, 
the radiation will simply be extinguished by the nebula. In other words, radiation is piled 
up at the low-frequency end of the Lyman continuum at the expense of energy absorbed 
at the higher frequencies. Since the absorption coefficient is greatest at the lower-fre- 
quency end of the range, the over-all effect is to increase the rate at which the ultra- 
violet radiation is extinguished in the nebula. An approximate treatment of the equations 
of the problem shows that on the inner boundary of the nebula there is a concentration of 
radiation near the series limit. This “Lyman limit excess’’ gradually falls to a very small 
value near the outer boundary of the nebula, where the hydrogen is nearly all in the 
neutral condition. A more exact treatment of this problem, possibly by the methods be- 
ing developed by Chandrasekhar, might be of great value in interpreting the observed 
nebular images. We must recall that in actual practice the ultraviolet radiation field is 
depleted not by one type of atoms but by several types. Probably neutral and ionized 
helium play important roles in this connection. 

We shall now illustrate how the densities of the neutral atoms of hydrogen and singly 
ionized helium may be evaluated from the sizes of the nebular images. As an example, 
let us consider NGC 7009. If we adopt Berman’s distance estimate,” the main portion 
of the nebula has a radius of 1.25 X 10'7 cm and a shell of thickness 3.7 K 10'* cm. The 
absorption coefficient of hydrogen at the limit of the Lyman series is 


_ 2eERZA A (2) 
ek om 





per atom. At an optical depth of about 3, extinction will be fairly complete; the portions 
of the nebula beyond this point will not contribute much to the luminosity of the nebular 
images. If NV is the average number of neutral hydrogen atoms per unit volume, then 


30S 10-8 K 3.7: 10" XN, 


or NV ~ 20. Similarly, the thickness of the ionized helium shell is of the order of 2.5 K 10'® 
cm, a, = 1.25 X 10~'8, and N ~ 100 for an optical depth of 3. An independent calcula- 
tion of the upper limit of the He mu abundance gave for this nebula V = 800. Our ele- 
mentary calculation has taken no account of the re-emission of radiation near the series 
limit, nor of the fact that the optical depth of 3 at the series limit corresponds to a some- 
what smaller optical depth near by. Our calculation of N thus gives us a lower limit to the 
value of this quantity, but it does not seem likely that our estimates are in error by more 
than a factor of 2 or 3 from this cause. 

In any case, these calculations justify the assumptions we have made to the effect 
that the hydrogen in the luminous portions of a planetary nebula is nearly all ionized. 
Hence the masses of the luminous portions calculated on the basis of this assumption 
seem justified. An examination of slitless spectrograms of a number of planetaries reveals 


21 Lick Obs. Bull., 18, 57, 1937. 
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that the outer edges of the hydrogen images are often fairly sharp. This shows that to- 
ward the boundary of the luminous portion the ionizing radiation becomes depleted over 
a short distance in the manner indicated by Strémgren” and that the gas becomes neu- 
tral. As the number of neutral atoms increases, the opacity to the ionizing radiation rises 
in proportion, and the nebula shows a sharp boundary. With a hydrogen density of about 
6 X 10° atoms/cm we see that an optical depth of about 3 can be attained in 10 cm if 
the hydrogen is neutral. Thus, within a distance amounting to only a few per cent of the 
nebular radius, hydrogen can change from a condition of high ionization to an almost 
neutral condition. 

The stratification effects for other atoms provide an interesting study. Slitless spectro- 
grams obtained thirty years ago by Wright®* showed that in many objects of complicated 
structure the main body of the nebula is surrounded by a faint extended envelope or 
shell shining with the \ 3727 radiation of [O m1]. Presumably, radiation escaping from the 
inner shells has ionized oxygen in these outer regions. Since the ionization potential of 
neutral oxygen is almost the same as that of hydrogen, we might expect oxygen to be 
ionized in the regions where hydrogen is ionized and neutral where hydrogen is neutral. 
The absorption curve for oxygen, however, reaches a maximum at about A 625 and then 
falls slowly to half its maximum value at \ 310; and it is still 30 per cent of its maximum 
at \ 170, which corresponds to an excitation potential of 74 volts. On the other hand, the 
absorptivity of hydrogen falls off as v~*, and therefore hydrogen is relatively transparent 
to radiations in the far ultraviolet while oxyen still absorbs energy appreciably. Thus it 
is not entirely surprising that oxygen is ionized at greater distances from the nucleus than 
is hydrogen. 

Another point that should be stressed in discussing stratification in the planetary 
nebulae is the lack of radial symmetry often apparent in their structures. A glance at 
slitless spectra of NGC 7009, for example, shows that the \ 3727 radiation is concen- 
trated at the ends of the spindle, whereas the \ 4686 radiation is strongest near the broad- 
er portions of the spindle. Any detailed discussion of stratification effects must take these 
irregularities into account. In the ansae of NGC 7009 the degree of excitation is much 
less than in the main body of the nebula, although even here much O 11 remains. In 
fact, if we suppose V,~ 10° and 7, ~ 8000° K for the ansae, we obtain Nou/Nom 
~ 2, which is nearly the same value as that for the main body of the planetary. 

Line radiation is likely to play an important role in the ionization of atoms in the 
nebular shell; so we shall develop here the fundamental formulae for the problem. De- 
tailed applications must wait until we have definite knowledge of line radiation intensi- 
ties in the nebular shell. If an atom is excited from a ground 2p configuration to an ex- 
cited nd configuration, the frequency of the absorbed radiation may be expressed in the 
form , , 


y = RZ? (— -— 


*2 2)? 
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where we choose mo in such a way as to reproduce the term value of the ground level. 
We suppose that the upper levels may be represented as hydrogenic; i.e., 7 = RZ?/n*. 
Transitions to the continuum may be represented by 
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where we have replaced n by ix and where x is the ionization potential of hydrogen. If 
we let x’ = x/xz, the frequency of the bound-free transitions will be 


2 A p. J., 87, 526, 1939. 23 Pub. Lick. Obs., 13, 193, 1918. 
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Since the relation between the absorption coefficient a, and the oscillator strength 
fis 
Sa,dy = i as ay, 


we may formally express a, as (we?/mc)(df/dv). Just to the redward side of a series limit 
there will be An lines of mean oscillator a per unit frequency interval, whereas 
just to the violet side the f-value per unit frequency interval will be fAx, and the f-value 
corresponding to the v-interval dv will be df = fdx, while 


me df _ me dfdx_ me .dk 


ome dv mcdx dy mc? dv* 
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can be calculated if the radial quantum integral p is known. 

If the atom is exposed to intense radiation over an interval Av, the amount of energy 
absorbed will be 
we (¢¢* 


¢ onze 


ayl,Av = 


and the amount of energy absorbed by N atoms exposed to a series of monochromatic 
sources will be 
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The order of magnitude of Av as suggested by equation (XVI-12) is about 1 x 10". In 
the case of O u an elementary calculation shows that an increase of energy in such a 
line as \ 303 of He 11 by a factor of 104 above the value to be expected from only the 
geometrical dilution may exert a controlling effect upon the ionization. Thus, photo- 
electric ionization by line absorption may very well be an important factor in controlling 
the ionization of the shell. 

It should be clear from the foregoing that a theoretical calculation of the ionization 
in a gaseous nebula becomes a virtually hopeless task. The chief stumbling block is the 
unknown radiation field within the nebula; but, even if this were predictable, the inter- 
locking effects of different radiations and stratification would render the problem one 
of forbidding complexity. 

If we know the temperature of the central star and the electron density, it should be 
possible to take ions of the same atom in successive stages of ionization and work out 
empirical dilution factors. We have done this for the O m1/O 11 ratio. The calculated W, 
of course, depends very critically on the assumed stellar temperature and varies, in 
the cases considered, from 10~'* to 10~—®, Upon using the Ne 11/Ne v ratios we found 
that the same central star temperature gave very different dilution factors, and the at- 
tempt to calculate ionization from the theoretical formulae was abandoned. 
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V. ESTIMATES OF TOTAL ABUNDANCES 


The final step in the calculation of abundances is to devise some ways of guessing the 
contribution from the unobserved ions. We have seen that there is no sound theoretical 
procedure for calculating these contributions, and we shall have to proceed in some pure- 
ly empirical fashion. We feel reasonably confident that the abundances of various ions 
deduced from their forbidden lines and given in Table 5 are of the right order of magni- 
tude, but the final step in determining the composition seems necessarily uncertain. 

Our method of taking into account the variation of ionization among ions of different 
ionization potential is as follows: Let A: and A» denote the abundances of two ions of the 
same element in successive stages of ionization, and let x; and x2 denote their ionization 
potentials. Then we shall suppose that A2/A; gives us the ratio of the abundances of 
two ions of any kind with ionization potentials x; and x2; ie., we get a segment of the 
curve relating abundance with ionization potential. Other pairs of ions give other seg- 
ments; and when these segments are fitted together by a vertical displacement on the 
relative-abundance—x diagram, we get a curve whieh will tell us how we may expect the 
ions of a given element to be distributed among their various stages of ionization. 

For example, the relative abundances of O 11 and O m1 suggest the relative degree of 
ionization of atoms of 13.5 and 34.9 volts, ionization potential, the relative numbers of 
Ne 1 and Ne v ions, the relative degrees of ionization of ions of 40.5 and 97 volts, etc. 
Thus, for NGC 7027 we get the accompanying table relating ionization and ionization 
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potential. Neutral atoms fall at zero; singly ionized atoms, at the first ionization po- 
tential; etc. Thus the relative abundance of Ne 0 is taken as 0.18 (ionization potential of 
Net is 21.5 volts); that of Ne 1m is 1.0 (I.P. = 40 volts); that of Ne rv is 0.48 (I.P. of 
Ne 111 is 63 volts); etc. From the relative ionization graphs for each nebula we can cal- 
culate the distribution of ions of each element among the various stages of ionization, 
and therefore the fraction contributed by the observed ions to the total. 

Unfortunately, there is a considerable scatter in the points which serve to determine 
the graphs. In the first place, the abundances derived from approximate target areas may 
be in error by a factor of 2 or 3 or even more. In the second place, the assumption that 
the ionization varies smoothly with ionization potential, as assumed in our graphs, can- 
not be correct if the central star has strong bright lines in its ultraviolet spectrum. Hence 
the relative proportions of successive ions of a given element may be very different from 
what we would expect from the graph. 

The resultant abundances are listed in Table 6. In some cases, where the discrepancy 
is particularly bad, we have tabulated the results from two different ions of the same 
atom. The second of the difficulties listed above may be the dominating trouble here. 
In most other cases, both ions of a given element give reasonably concordant values. 
The figures in parentheses are those obtained from a previous calculation, in which it 
was presumed that the target area for the collisional excitation of the metastable levels 
varied as Z for the more highly stripped ions. In general, the older calculations give the 
same order of magnitude as the newer ones, suggesting that effects of selection, ioniza- 
tion, etc., introduce a larger uncertainty than ignorance of the correct target areas. 
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The scatter in the relative abundances of Table 6 probably arises from the unavoid- 
able approximations and effects of selection more than from variations in chemical com- 
position. For carbon we have had to rely on recombination lines entirely and have given 
greater weight to C m1 than to C Iv because of the greater uncertainty in the 6-factor 
for the latter. The results for nitrogen are based primarily on the N 11 ion, and in many 
cases the ratio of total to observed ions is very large. The spread of the computed oxygen 
abundances, which have been calculated from the intensities of the green nebular lines and 
good target areas, is less than the spread of the computed abundances of other elements. 
The relative ionization curves indicate that for oxygen the O 111 ions contribute a large 


TABLE 6* 
THE COMPOSITION OF THE PLANETARY NEBULAE 
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* This ie table gives the number of atoms of a given kind per thousand hy drogen atoms. In some cases the abundances calcu- 
lated on the basis of two ions of the same atom disagreed significantly; so we give both results. The figures in arentheses refer 
to results of an earlier calculation, in which the abundances of the various ions were calculated on the basis of dierent assump- 
tions about the target area Q for collisional excitation of the metastable levels. 


share of the total in most planetaries. Hence the oxygen abundances ought to be fairly 
well established as of the order of from 10~* to 10~ that of hydrogen. The data for flu- 
orine are very scanty, and the corrections for ionization are very large and uncertain. 
Neon turns out to be less abundant than we might have anticipated from the work of 
Unsdéld on 7 Scorpii. Argon, the next in line of the noble gases, is of the order of ten 
times less abundant than neon, while sulphur seems comparable in amount. The for- 
bidden lines of chlorine and argon are both very weak. 

When we compare the different nebulae, we notice a considerable scatter in the rela- 
tive contributions of the various elements. For example, in NGC 7027 the abundances of 
nearly all elements seem unusually high with respect to hydrogen, the Balmer con- 
tinuum of which seems unusually weak for such a bright nebula. It may be that a greater 
proportion of atoms of a given element are represented by observable ions than we antici- 
pated; and until this matter is further investigated, we cannot distinguish between this 
and the possibility that hydrogen is actually less abundant there. 
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We have attempted no abundance estimates for the metals, since the corrections for 
ionization would be so uncertain as to render the results quite meaningless. The target 
areas are unknown even though we may have transition probabilities. 

The “average composition” of a planetary nebula, essentially obtained by taking a 
geometric mean of the abundances in Table 6, may be compared with the results ob- 
tained for the solar atmosphere by Menzel and Goldberg’ and for the atmosphere of 
t Scorpii by Unsdld. (See Table 7.) 

The uncertainties in all methods are very great; but the abundances of carbon, nitro- 
gen, and oxygen, with respect to hydrogen, in 7 Scorpii seem, nevertheless, very similar 
to the results for the sun or the gaseous nebulae. For helium, nitrogen, oxygen, and sul- 
phur the agreement between the solar and nebular abundances is surprisingly good. The 
discrepancy of a factor of 10 for carbon is easily understandable because our estimates 
are ultimately based on a single recombination line of C m. The discrepancy for neon 


TABLE 7 


COMPARISON OF THE AVERAGE COMPOSITION OF A PLANETARY 
NEBULA WITH THE COMPOSITIONS OF THE SUN AND 7 SCORPII 
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probably arises from other causes. It may be that 7 Scorpii is richer in neon content than 
the average star or that conditions are particularly suitable for the excitation of neon 
lines. 

Thus the conclusion of Bowen and Wyse that the chemical composition of the gaseous 
nebulae is essentially the same as that of the sun appears to be substantiated by an inde- 
pendent and more elaborate theoretical treatment of the same problem. We have at- 
tempted to use the splendid observational material obtained by Wyse to deduce the 
abundances of a number of ions which are not observable in the sun. 

It would seem that further progress along these lines cannot be made until improved 
observational and theoretical material is available. The identifications of additional ions, 
especially those having higher ionization potential than does Ne v, would be very helpful 
in estimating the distribution of the various ions among different stages of ionization. 
Target areas for various ions ought to be computed; such calculations are in progress at 
present for O 11. 


This paper completes the series of articles entitled ‘Physical Processes in Gaseous 
Nebulae.” 


24 Atoms, Stars, and Nebulae, Philadelphia: Blakiston, 1942. 
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Cosmogony of the Solar System. By V. G. FESSENKOFF. (In Russian.) Moscow and Leningrad: 
Academy of Sciences of the U.S.S.R., 1944. Pp. 112. R. 5.00. 


This book consists of six chapters: (i) “The Structure of the Solar System; Planets and As- 
teroids”’; (ii) “The Zodiacal Light’’; (iii) “The Scale of the Solar System and Its Relation to the 
System of the Stars’’; (iv) “The Physical Properties of the Planets; Planets without Atmos- 
pheres; Planets with Atmospheres’’; (v) ‘“‘The Age of the Solar System”’; and (vi) “The Origin 
of the Solar System; The Hypotheses of Kant and of Laplace; The Theory of Jeans and Jeffreys; 
How Was the Solar System Really Formed?” 

The presentation is popular and avoids the use of mathematics. The first three chapters are 
especially elementary and are not quite consistent with the much greater demands upon the 
reader’s training made by the rest of the book. Thus, a reader who must be told how a planet 
differs from a fixed star (p. 3) can hardly be expected to understand why the principle of con- 
servation of angular momentum should render untenable the nebular hypothesis of Laplace 
(p. 85) or why in Bethe’s carbon cycle the atom of C\z reappears at the end of the reaction (p. 
72). But the last three chapters are stimulating in the extreme. They comprise nearly four-fifths 
of the book and reflect the highly individualized interests of the author.! 

In some respects the treatment resembles that of H. N. Russell’s famous little book, The 
Solar System and Its Origin, of which Fessenkoff makes occasional use, as, for example, in the 
discussion of the angular momentum per unit mass in relation to the original theory of a close en- 
counter. But in many other respects Fessenkoff’s treatment is new, as in the case of his conclu- 
sion that the zodiacal light is formed by particles of recent origin and cannot be considered a 
remnant of an original nebula; or it digests material which has not yet been applied in this form 
to cosmogony—as is his discussion of the velocities of escape from the sun, required, according to 
recent computations by Parijsky, to produce closed orbits around the sun, in the event of the 
close passage of another star.’ 

The original nebular hypothesis by Kant is presented with more than the customary amount 
of detail, and its influence upon the later meteoric theory of Ligondés and the planetesimal 
hypothesis of Moulton and Chamberlin is briefly traced. The work of Laplace is discussed some- 
what less thoroughly, as are the various objections to it. The author rejects all theories which re- 
quire the building-up of planets from a uniform medium of small particles, because he believes 
that they contradict the discontinuity of structure inside the earth, established by Wiechert in 
1907. He also rejects the various theories which depend upon the encounter or close passage of 
another star, largely because of the small probability of such an event. He does not mention such 
recent work as that of Spitzer and of Whipple on the effect of interstellar matter upon the forma- 
tion of a star or that of Hoyle and Lyttleton on mass accretion in cosmic dust or in gas clouds. 
Nor could he have been acquainted with Weizsidcker’s recent theory, published in 1943 in the 
Zeitschrift fiir Astrophysik. 

The last section of the sixth chapter presents Fessenkoff’s own views. He assumes that the sun 


1 The reviewer remembers a stimulating colloquium which took place about thirty years ago at the 
observatory of the University of Kharkov in southern Russia, at which Professor Fessenkoff and others 
presented a review of Poincaré’s book Legons sur les hypothéses cosmogoniques. Fessenkoff had then re- 
cently returned from Paris, where he had worked for several years on his dissertation, entitled La lumiére 


zodiacale. Some years earlier he had made an extensive series of visual observations of the surface features . 


of Jupiter and had published a memoir on the structure of this planet. This work probably determined the 
evolution of his scientific interests. He is now a member of the Academy of Sciences of the U.S.S.R. and 
editor of the Astronomical Journal of the Soviet Union. 

2 A few minor errors may be corrected: On p. 6: the discovery of Pluto was made by Tombaugh at the 
Lowell Observatory, using a 13-inch photographic refractor, not a reflector. On p. 9: the discovery of the 
fifth satellite of Jupiter by Barnard was made at the Lick Observatory, not at Yerkes. On p. 37: the idea 
of formaldehyde snow on Venus has been abandoned by Wildt. On p. 73: there is something wrong with 
the labeling of his Figure 21, illustrating the carbon cycle. 
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was originally a stable star of low density, whose rotation was not excessive. Periods of stability, 
during which the energy was generated by different nuclear mechanisms, were separated by 
periods of rapid contraction, during which the angular rotation increased to the extent of causing 
instability. In order to re-establish stable conditions, the star underwent fission, with the crea- 
tion of a double (or multiple) star of mass ratio of not more than about 0.001. Fessenkoff does 
not consider this ratio improbable, and he believes that recent observational evidence has tended 
to fill in the gap between typical double stars and typical planetary systems.3 The original planet 
moved in an approximately circular orbit whose diameter was of the order of ten times the di- 
ameter of the sun. Tidal action is invoked to increase the size of the orbit to its present value. 
Taken as a whole, this section is too short and much too lacking in mathematical verification 
fully to satisfy the reader. 

About a year ago the Scientific Monthly reprinted a famous article by T. C. Chamberlin on the 
method of multiple hypotheses in scientific research. This method, so admirably suited to the 
study of many geological problems, has found a particularly fertile field of application in cos- 
mogony, and Fessenkoff makes use of it to the fullest extent. We observe the present condition 
of the solar system, and we find a number of regularities which cannot be due to chance. We do 
not, as a rule, observe the evolutionary processes in action which have given rise to these regu- 
larities. But we do possess one great advantage over the geologists: we can observe other stars, 
in different stages of their evolution; and while we cannot, with our present equipment, obtain 
much useful information concerning any possible planetary systems of other stars, we can at 
least make use of a large volume of information pertaining to the central bodies of any such 
systems. It seems to the reviewer that this method of approach has not been sufficiently used in 
cosmogonical studies. Some of the oldest hypotheses (Laplace) and some of the most recent 
(Weizsicker, Fessenkoff) attribute the origin of the planets to the rapid rotation of a parent- 
body or of a nebulous mass around it. But Fessenkoff does not mention the rotational velocities 
of the stars. The present equatorial rotational velocity of the sun is quite slow—of the order of 
2 km/sec—and is so far below the critical velocity, of about 400 km/sec, required to cause rota- 
tional instability at the equator that we are of necessity faced with the question: “Did the sun 
have a very rapid angular rotation before the planets were formed?” Since we cannot answer 
this question directly, we must have recourse to observations of other stars. But we do not defi- 
nitely know how the stars evolve, and it would be dangerous to choose a sequence, that uses for 
its criterion the spectral type or the luminosity of the stars and to assume that this sequence has 
an evolutionary significance. But we do know that the vast majority of the stars of the solar type, 
which are not close binaries, have very slow rotations. The sun is in this respect, as in so many 
others, a typical G-type star of the main sequence. On the other hand, the majority of stars of 
spectral classes B, A, and early F have rapid rotational velocities; and some of them may even 
now be close to rotational instability. The transition, at about spectral class F5, in the average 
rotational velocity, as we pass from the early classes to the later ones, is very sudden and does 
not resemble the gradual changes observed in most (but not all) physical characteristics. Since 
we do not definitely know whether early-type stars change into late-type stars, we cannot go 
much further. But it is suggestive that, on the one hand, we are certain that rapid rotations 
among the single stars of solar type are extremely rare or absent, while, on the other hand, we 
discern no obvious correlation between rotational velocity, within, say, the main-sequence stars 
of class A, and other physical characteristics—mass, luminosity, etc.—such as might be expected 
to exist if angular momentum can be lost by a star without change in spectral type. The possibil- 
ity exists that in some unknown manner rapidly rotating stars of early type are transformed into 
slowly rotating stars of later type, through the creation of a planetary system which takes with 
it a large fraction of angular momentum of the original star. 

To this limited extent the observational facts tend to support Fessenkoff’s idea that planetary 
systems are formed by rapidly rotating stars and result in the transfer of a large amount of angu- 
lar momentum from the original star to the planets. In this connection it may be recalled that 
Kreiken many years ago remarked that, if the angular momenta of the planets were combined 
with that of the sun, the resulting equatorial velocity would be comparable to the larger values 
observed by the reviewer and by Elvey in stars of early type (about 120 km/sec). 

Fessenkoff does not elaborate upon the actual physical process which, in his opinion, permits 


3 Fessenkoff mentions Holmberg’s work but does not refer to recent papers by Strand, Reuyl, Van de 
Kamp, and others. He points out that observational selection favors the discovery of double stars having 
mass ratios of the order of one. 
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the rapidly rotating star to get rid of most of its angular momentum by transferring it to the 
planets. His discussion of the traditional stages of development culminating in the breakup of a 
pear-shaped body is sketchy and leaves the reader in doubt as to how this mechanism can lead in 
some cases to the formation of a double star and in others to the formation of a planetary sys- 
tem. Then, of course, there remain unanswered the various objections which have been raised, 
by Moulton, MacMillan, and others, to the original fission theory. 

The observations have given us no certain indication that pear-shaped bodies are now in 
existence in the universe. The only resemblance to such bodies we have is in the case of close 
binaries having common envelopes of nebulous matter (6 Lyrae). But the breakup may take 
relatively little time, so that the lack of observational confirmation has little significance. On the 
other hand, we seem to have quite definite indications that in some early-type stars rotational 
breakup leads to the formation of very tenuous gaseous rings or shells (Pleione). In close binaries, 
where instability is favored by tidal action, the existence of these rings has been demonstrated 
by the periodical eclipses of the two lobes of the rings (RW Tauri, SX Cassiopeiae, etc). The 
amount of matter contained in these rings is much too smal to produce anything like a planetary 
system, even if all of it should condense. So far as we can tell, the rings are unstable, and they 
often disintegrate completely within a few years after their formation. These considerations may 
not apply to stars with expanding shells, like P Cygni, the Wolf-Rayet stars, the novae, etc.; but 
no one has ever evoked the process of rotational breakup to explain the attendant phenomena of 
these groups of stars. 

Fessenkoff correctly points out that the formation of equatorial rings, as considered by Jeans 
in the case of stars which are greatly concentrated toward their centers, cannot relieve the star 
of a sufficient amount of angular momentum to guarantee its stability during the intervals of 
contraction. Such a star would remain unstable as long as the contraction lasts, and it would— 
continuously or discontinuously—shed equatorial rings. The star could not be transformed into 
a slowly rotating body, and consequently this process could not have produced the solar system. 
But we can hardly conclude, as Fessenkoff does, that therefore the origin of the planets must 
have been by the process of fission. 

It may be best at this time to admit that we do not know by what means the planetary sys- 
tem became endowed with the large amount of angular momentum it now possesses. Tempting, 


as it is, to follow the processes to their origin, there is some danger in the resulting oversimplifi- 
cation of what a star really is. 


O. STRUVE 


Yerkes Observatory 





